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Sequence-Specific Triple Helix Formation with Genomic DNA
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ABSTRACT. We have previously demonstrated site-specific delivery of antiparallel phosphorothioate triplex
forming oligonucleotide (TFO) specific toe 165 to—141 promoter region oft1(l) collagen (abbreviated

as APS165) to hepatic stellate cells (HSCs) of fibrotic rats after conjugation with mannose 6-phosphate-
bovine serum albumin. However, we still need to determine whether there is correlation between
transcription inhibition and triplex formation with genomic DNA. In this study, APS165 was modified
with psoralen and the extent of triplex formation witti(l) collagen DNA was determined in naked
genomic DNA, isolated nuclei of HSC-T6 cells and whole cells by using a simple real-time PCR based
method. In this method, a purification step was added to remove unbound APS165, which eliminated the
possible artifacts during real-time PCR. Psoralen photoadduct formation was shown to be essential to
retain triplex structure under denaturing conditions. On naked genomic DNA, 82.2% of DNA formed
triplex and 36.7% of genomic DNA in isolated nuclei at 90 min contained triplex structure. As quantified
by real-time PCR, 50% of genomic DNA in living cells at 12 h postincubation contained triplex structures.
Furthermore, the triplex formation was dose-dependent with 26.5% and 50% of DNA having triplex
structure at concentrations of @M and 5 uM, respectively. Moreover, on a plasmid pCol-CAT220
containing ratal(l) gene promoter-225 to+113), 75.3% of triplex formation was observed, which

was correlated with a 73.6% of transcription inhibition. These findings will further strengthen the therapeutic
applications of APS165.

Oligonucleotides (ODN$ can be designed to form triplex  to the purine-containing strand of double stranded DNA. This
with double-stranded genomic DNA in a sequence-specific provides a promising approach to the sequence-specific
manner by binding in the major groove of the double strand recognition of double-stranded DNA and subsequent gene
via Hoogsteen hydrogen bonds between ODN bases andegulation, including interfering with transcription, replica-
purine bases in the DNA targets that are already engaged intion, repair and recombinatioR,(4—7). However, inhibition
Watson-Crick hydrogen bondsl{-3). Triplex formation is of gene expressior8£10) and induction of recombination
known to occur at sequences containing a stretch of pyri- (11) mainly relied on observations in mammalian cells using

midines on one DNA strand and complementary purines on targets in exogenous DNA (plasmids). Recently, TFOs have
the other DNA strand. Depending on their base composition,

triplex forming oligonucleotides (TFOs) bind in a parallel
(for TFOs containing C and T nucleotides) or antiparrallel
orientation (for TFOs containing G and A or T nucleotides)
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also been shown to inhibit endogenous gene expresk®n (
15). Since DNA in cells is typically bound to histones and
tightly packed into chromatin, the binding and activity of
TFOs must be determined in this context. Chromatin structure
is one of the major barriers since it may preclude TFO access
to target sequenced&—18). Therefore, it is important to
determine whether and how much of a triple helix complex
can form at the target sequence to the genomévo. Many
efforts to demonstrate triplex formation in chromosomal
environment have been reportetl7( 19—25). However,
conclusive evidence to show the triplex formation inside
living cells is still needed to clarify the gene regulation
mechanism of TFO molecules, since other mechanisms may
be involved in TFO-induced gene inhibition and factors
affecting triplex formationin vivo are still unclear. For
example, views on the transcription dependence of triplex
formation are inconsistenty, 20, 21, 23).

For detection of triplex formation in living cells, an

stellate cell line; M6P-BSA, mannose 6-phosphate-bovine serum additional barrier is the extremely low concentration of TFO

albumin; ODNSs, oligonucleotides; PAGE, polyacrylamide gel electro-

phoresis; Pso, psoralen; SDS, sodium dodecyl sulfate; TE, Tris-EDTA;

TFO, triplex forming oligonucleotide; UVA, ultraviolet irradiation at
366 nm.

in the nuclei of living cells, which resulted in many studies
failing to show conclusively the triplex formatioin vizo
(23, 26). To demonstrate triplex formation specificity and
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efficiency eitherin vitro or in vivo, a variety of methods OligonucleotidesThe TFO (APS165) used in this study
have been developed, including band shift as&ayréstric- is a 25-nt antiparallel fully phosphorothioate ODN, specific
tion enzyme protection assa@® 28), dimethyl sulfate to the promoter region{165 to—141) of rata1(l) collagen
(DMS) footprinting @9), competitive PCR Z0), primer gene. APS165 and its control oligonucleotide MN (mis-
extension 26), single-strand ligation PCR2(), capture of matched sequence) modified with Z-fhydroxymethyl)-
triplex structures3, 21, 22), and real-time PCR2Q). Most 4,5,8-methylpsoralen]-hexyl-1-o0-(2-cyanoethyN;K-diiso-
of these studies were not done in living cells, and no propyl)-phosphoramidite (Pso-APS165 and MN as indicated
consistent conclusions regarding triplex formatianvizo in Figure 1) were synthesized by Invitrogen Life Technolo-
were drawn so far. Therefore, it is important to develop a gies (Carlsbad, CA), and the sequences of these ODNs are
simple, quantitative method to detect triplex formation inside displayed in Figure 1. For cellular uptake experiments,
living cells for reliable quantification. Psoralen is a bifunc- APS165 was modified with 6-carboxyfluorescein (6-FAM:
tional photoactive agent that has been used as a probe ogxcitation, 495 nm; emission, 520 nm) at itsehd and was
nucleic acid structure and function and is minimally harmful synthesized by Invitrogen Life Technologies (Carlsbad, CA),
to cellular constituents 30). Therefore, conjugation of denoted as F-APS165. T1 and T2 are 30-nt ODNSs used for
photoreactive psoralen to a TFO at it &nd allows forming duplex DNA fragment overlapping the triplex
photoinduced cross-linking reaction of the psoralen at the formation site in genomic DNA. T1 and T2 as well as
specific sequence where the TFO binds to duplex DNA. To primers (P1P8 indicated in Figure 1) for PCR were
detect the triplex formation, psoralen conjugated TFO has obtained from Integrated DNA Technologies (Coralville, IA).
been used extensivelL7, 19, 22, 26, 31-33). Upon UV Plasmid ConstructionA plasmid pCol-CAT220 contain-
irradiation, psoralen introduces a covalent cross-link into the ing the rata1(l) gene promoter was constructed as described
target DNA sequence which can effectively block transcrip- previously 89). Briefly, pCol 1.1 (constructed from pGEM-
tion (25, 26, 33, 34). 3Z vector (Promega, WI), containing retl(l) gene from
Fibrosis leads to organ dysfunction and is characterized —1000 to+113) was digested withkba andBglll to release
by an excessive production of extracellular matrix (ECM) a 338-bp fragment of the ratl(l) gene 225 to+113)
components, especially type | collageB5). Therefore, and cloned into theXba —BanH]| site of the pCAT Basic
inhibition of collagen synthesis should prevent fibrosis. We vector (Promega, WI). pCol-CAT220 was transformed into
have demonstrated that different TFOs could form triplexes Top10 competent cells. Colonies were grown ini&gimL
with the C1 region of thex1(l) collagen gene promote8,( ampicillin containing LB agar plates, followed by growth
36) and inhibit transcription oft1(1) collagen gene promoter  of single colonies in ampicillin (5@g/mL) containing terrific
activity in fibroblasts in cultureq). We then successfully — broth medium. After sufficient bacterial growth, the cells
delivered these TFOs into hepatic stellate cells (HSCs) of were pelleted by centrifugation followed extraction using
fibrotic rats after conjugation with mannose 6-phosphate- Qiangen plasmid maxiprep kit as per vendor’s protocol.
bovine serum albumin (M6P-BSA)/(37). In this study, Plasmid purity was assessed by UV spectrophotometry,
we determined triplex formation of a psoralen modified TFO agarose gel electrophoresis, and restriction digestion using
with target sequences.{(l) collagen gene) in short duplex  Xba and Bglll enzymes.
DNA, plasmid, naked genome, isolated nuclei, and intact UVA TreatmentUVA irradiation was done in a CAMAG
cells by restriction enzyme protection, gel mobility shift UV cabinet with a UV lamp (100W) (CAMAG Scientific
assay, and PCR. We then quantified the extent of psoraleninc, Wilmington, NC) set at 366 nm at a distance of 5 cm at
photoadducts using a simple real-time PCR based method0 °C. The irradiation dose delivered to the samples was
Finally, we determined inhibition of typel(l) collagen gene  determined by a UV-meter, and the typical irradiance was
transcription in an immortalized rat hepatic stellate cell line ~3.8 mW/cn? at a 5 cmsource to target distance. UVA
(HSC-T6 cells) 88). Our results indicate strong correlation irradiation was used to generate photoadducts and thereby
between triplex formation and transcription inhibition of to covalently link the oligomers to their targets. After

TFOs. irradiation, triplex-dependent photoadducts were analyzed by
- i PCR th it
MATERIALS AND METHODS :)isr?;;ggggne.nzyme protection or PCR assays with or without

Materials. Bovine serum albumin (BSA) (fraction V, Cell Culture.Immortalized rat liver stellate cells (HSC-
purity >98%) was purchased from USB Corporation (Cleve- T6) were kindly provided by Dr. Scott L. Friedman of Mount
land, OH). Spermidine and sucrose were purchased fromSinai School of Medicine (New York, NY). Activated HSCs
Sigma-Aldrich (St. Louis, MO). Dulbecco’s modified Eagle’s  are the principal fibrogenic cell type in rat liver fibrosgsj.
medium (DMEM), penicillin G (5000 units/mL), strepto- HSC-T6 cells were cultured in DMEM supplemented with
mycin sulfate (5000ug/mL), trypsin-EDTA, and Lipo- 2 mM L-glutamine, 100 units/mL of penicillin, 200 mg/mL
fectamine were purchased from Invitrogen Life Technologies of streptomycin, and 10% of FBS at 3C and 5% (v/v) of
(Carlsbad, CA). Heat-inactivated fetal bovine serum (FBS) CO..
was purchased from Atlanta Biologicals (Lawrenceville, Isolation of Genomic DNATo isolate genomic DNA,
GA). Restriction enzymesXpa, Bglll, and BseRl) were HSC-T6 cells were harvested, resuspended in cell lysis buffer
purchased from New England Biolabs (Ipswich, MA). (20 mM Tris-HCI, pH 8.0, 150 mM NaCl, 2 mM EDTA
MultiScirbe reverse transcriptase reagent and SYBR green-land 1% sodium dodecyl sulfate (SDS)) containing 200
dye universal master mix were from Applied Biosystems Inc. mL proteinase K, and incubated at 53& for 4 h (40).
(Foster, CA). Taq DNA polymerase and Wizard SV gel and Subsequently, the solution was extracted with an equal
PCR cleanup system were purchased from Promega (Madi-volume of phenol/chloroform mixture (v/v, 1/1) twice and
son, WI). chloroform once. After ethanol precipitation in the presence
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FiGure 1: Target sequence and triplex forming oligonucleotides. (a) The promoter region @i (fatcollagen gene was shown. The

triplex formation site of APS165 in the gene sequence (corresponding to positions beth@emnd—141) was indicated. T1 and T2 are

30-nt oligonucleotides overlapping triplex formation site (underlined). Sequences of the triplex forming oligonucleotide APS165 and the
control oligonucleotide MN (mismatched sequence, mismatched nuclectides highlighted in italics) are shown. Fluorescein (F) and psoralen
(Pso) modifications in the sequences are indicated. APS165 is a 25-nt oligopurine and antiparallel to the target gene sequence. In addition,
APS165 and MN are phosphorothioate modified oligonucleotides 8] positions of PCR-primers and the lengths of the PCR amplified

fragments are indicated for the corresponding set of primers. (b) pCol-CAT220 containing a 338-bp fragment oftfi¢ calagen gene
(—225 to+113) was shown witlBglll, BseRl, and Xbd restriction sites. Primers (P2 and PB8) were illustrated.

of 0.3 M of NaOAc (pH 5.5) at-80 °C for 30 min, the
DNA pellet was collected by centrifugation at 16@0fr

30 min at 4°C. The pellet was resuspended in Tris-EDTA
(TE) buffer (10 mM Tris-Cl, pH 7.5, 1 mM EDTA)
containing 10Q«g/mL RNase A and incubated at 3T for

prepared by annealing equimolar amounts of complementary
single-stranded oligonucleotides T1 and T2 (Figure 1). The
mixture was heated at 8@ for 5 min, incubated at 55C

for 30 min, at 42°C for 30 min, and then at room temperature
for 30 min. To study the triplex formation using unmodified

1 h. The solution was again subjected to extraction with an APS165, the duplex fragment (1.383, 69 pmol) was

equal volume of phenol/chloroform mixture (v/v, 1/1) twice

incubated with increasing amounts of APS165 ingd0of

and with chloroform once. The extracted DNA was precipi- triplex forming buffer at 37°C for 90 min. Samples were
tated with ethanol again and resuspended in DNase freeanalyzed using 15% native polyacrylamide gel electrophore-
water. The integrity of genomic DNA was checked on 2 0.5% sjs (PAGE) in a buffer containing 89 mM Tris, 89 mM boric
agarose gel, and its concentration was determined and theacid, pH 7.5, and 20 mM Mg@ht 8 V/cm at 4°C for 5 h,

DNA was stored at-80 °C until use.

Restriction Enzyme Protection Assayhe specificity of
triplex formation was studiedh witro using a restriction
enzyme protection assay. pCol-CAT2204@; 0.63 pmol)
was incubated with Pso-APS165 or MNg8, Pso-APS165
or MN/plasmid: 300) in 1QuL of triplex forming buffer
consisting of 20 mM Tris-HCI (pH 7.4), 20 mM Mggl

and the gel was stained with ethidium bromi@e 36).

To study the photoadduct formation, the duplex fragment
(50 ng, 2.5 pmol) was incubated with increasing amounts
of Pso-APS165. The samples were then either not irradiated
or irradiated with UV for 10 min at OC. The samples were
ethanol precipitated, resuspended ini0of loading dye

2.5 mM spermidine, 10% sucrose, 0.25 mg/mL bovine serum (95% formamide, 20 mM EDTA, 0.05% each bromphenol

albumin, and incubated at 3T for 90 min. The reaction
mixtures were UVA-irradiated (5 J/énin order to co-

blue and xylene cyanol), and heated at@5for 5 min. The
resulting mixtures were assessed by denaturing polyacryla-

valently link TFOs bound to the target duplex via psoralen/ Mide gel electrophoresis in 89 mM Tris (pH 8.3), 89 mM

UVA photoreactions. DNA was then purified by ethanol
precipitation and subsequently digested vtill, Xba, and
BseRl restriction enzymes at 3TC overnight. The extent of

boric acid, 1 mM EDTA (15% polyacrylamide gel containing
7 M urea, 40% formamide), and methylene blue staining.
Similarly, pColCAT220 (4ug, 1.26 pmol) was incubated

inhibition of BseRI cleavage was assessed by 2% agaroseWith 4 ug of Pso-APS165 or MN at the ODN/pDNA molar

gel electrophoresis.
Mobility Shift AssayTriplex formation as well as photo-

ratio of 300 in 1QuL of the triplex forming buffer, and then
the mixtures were exposed to UVA treatment for different

adduct formation between psoralen modified APS165 and time intervals. The plasmid was then digested Wil and

target duplex DNAIn vitro was additionally analyzed in
mobility shift assay. A 30-bp duplex DNA fragment was

Xbdl to release a 338-bp fragment and separated on an 8%
denaturing polyacrylamide gel.
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Triplex Formation with Naked Genomic DNATwo 30 s at 94°C, 50 s at 56'C, 30 s at 72C. The primers for
micrograms of genomic DNA isolated from HSC-T6 cells genomic DNA were P6,'5SACAAGGGTGGCAGAATTG-
was incubated with various amounts (0.25 to 2M) of CAAAGG-3, and P2, 5TTT ATA CCA TCC TGA TGG
Pso-APS165 in 1@L of triplex forming buffer for 90 min AGG AGG GCT G-3, for overlapping triplex formation
at 37°C. The samples were then UVA irradiated for 10 min region as shown in Figure 2. At the same time, for the same
to allow photoadduct formation. The reaction mixtures were sample, a control PCR reaction was also performed using
then subjected to PCR reaction using Taq DNA polymerase. another pair of primers outside the triplex formation region,
The sequences of primers used in the experiments were P1P3, 3-ACA GGC CTC CTG TAG CAA ATT CCA-3, and
5'-ATG AGA CAT GGC CAA GAG GAC CTT-3; P2, B- P4, 3-TGG CTC CAT GAA AGA CCC ACC TTT-3 The
TTT ATA CCA TCC TGA TGG AGG AGG GCT G-3 primers for pCol-CAT220 were P6 and P2, and PZAST
and P5, 5TTT GCA ATT CTG CCA CCC TTG TCC-3 CGC AAG ATG TGG CGT GTT ACG-3 and P8, 5GGA
P1 and P2 were used to amplify a 399-bp product overlap- AGC CAT CAC AAA CGG CAT GAT-3. Similarly, P6
ping the triplex formation region of the 25-lofd.(I) collagen and P2 were used to amplify the sequence overlapping the
fragment (Figure 1). On the other hand, P1 and P5 were usedriplex formation region and P7 and P8 were used in control
to amplify a 227-bp product in a nonrelated region, which PCR reactions. For a same DNA sample, the difference
was used as the internal control. The conditions for PCR between the threshold cycle number from PCR reaction using
reactions were as follows: 600 nM primers, 2.0 mM MgCIl  primers for triplex formation region (€tand that from PCR
2.5 units of Taq polymerase, 2 min at 96, followed by reaction using primers for control region LtACt = Ctc

35 cycles with 30 s at 94C, 50 s at 55°C, 30 s at 72°C. — Ctr, was used to represent the amount of PCR product.
The PCR product was analyzed by 2% agarose gel electro-The relative amount of PCR product was calculated by
phoresis. assuming the amount of PCR product of the control sample

Triplex Formation in Isolated Nucleihe nuclei of HSC- as 100%. The percentage of DNA containing triplex structure
T6 cells were isolated from cytoplasm as described previ- was thus calculated by subtracting the relative amount of
ously 37) using NUCLEI PREP NUCLEI ISOLATION KIT PCR product from 100%.

(Sigma-Aldrich, St Louis, MO). The purity and number of Transfection of HSC-T6 Cells with TFOBefore trans-
isolated nuclei were determined under microscopy after fection experiments, HSC-T6 cells were cultured in 6-well
dilution in trypan blue solution. Nuclei (5¢< 10°) were plates at a density of & 10* cells/well for 24h. TFOs were
incubated with Pso-APS165 (M) for 90 min at 37°C in incubated with HSC-T6 cells in 1 mL of serum-free DMEM
a 100uL of triplex forming buffer with gentle rotation to  medium (final concentration of TFO to be Q). TFO
avoid sedimentation of nuclei, and UVA-irradiated at® (F-APS165) was modified with 6-carboxyfluorecein (6-
for 10 min. DNA was isolated from the nuclei as mentioned FAM) so that transfection as well as the intracellular
above. Two micrograms of DNA was subjected to PCR using localization of the fluorescence could be assessed by
primers P1 and P2 to amplify a 399-bp product overlapping fluorescence microscopy. At 24 h post-transfection, cells
the triplex formation of the 25-bp1(l) collagen fragment ~ were washed with ice-cold PBS buffer and mounted in
(Figure 1). The PCR product was analyzed by 2% agaroseVectashield mounting medium containing 4,6-diamino-2-
gel electrophoresis. phenylindole (DAPI) (Vector Laboratories, Inc., Burlingame,

Triplex Formation in HSC-T6 CellSC-T6 cells were  CA), and the green fluorescence was visualized under a
cultured in 6-well plates at 4 1 cells/well 24 h before  fluorescent microscope. Similarly, for isolated nuclei, F-
treatment. Various amounts of Pso-APS165 (0, 1, and APS165 was incubated for 90 min at 32 with mild vortex
10 uM) were incubated with cells in FBS-free DMEM at and fluorescence was observed as well.

37 °C for 12 h. For cross-linking formation, cells were Transcription Inhibition in HSC-T6 CellHSC-T6 cells
washed, transferred to PBS, and irradiated with UV for 10 were seeded in 6-well plates at-d 10° cells/well for 24 h
min at 0 °C. After irradiation, cells were harvested and until at 60-70% confluency before transfection experiments.
genomic DNA was isolated as described above. Two To determine the effect of TFO oal(l) collagen gene
micrograms of DNA was used for PCR reactions using transcription, pCol-CAT220 was incubated with different
primers P1 and P2. The PCR product was analyzed by 2%amount of Pso-APS165 or APS165, UVA irradiated, and
agarose gel electrophoresis. purified by gel elution on 0.5% agarose gel, and thenud.5

Real-Time PCRFor quantitative assessment of the per- of DNA was transfected into HSC-T6 cells after complex
centage of triplex formation on target DNA sequence, a real- formation with Lipofectamine at 3/1 (w/w) ratio. After 36 h
time procedure was developed. All real-time PCR experi- incubation, total RNA was isolated using GenElute mam-
ments were performed on ABI Prism 7700 Sequence malian total RNA miniprep kit (Sigma, MO). cDNA was
Detection System using SYBR Green-1 dye universal mastergenerated using MultiScirbe reverse transcriptase, and
mix. After triplex forming reaction of Pso-APS165 or MN, 100 ng of cDNA was amplified by real-time PCR using
with pCol-CAT220 (1ug), genomic DNA (4ug), nuclei or primers P7 and P8 (600 nM) under the condition as above
cells, DNA samples were prepared and subjected to purifica-to determine the transcription of the CAT gene. Simulta-
tion by gel elution on 0.5% agarose gel for 10 min at neously, 18S ribosomal RNA (18SrRNA) was also amplified
10 V/cm to separate unbound Pso-APS165 from plasmid or using primers (forward,' 5TCTGTGATGCCCTTAGATG-
genomic DNA and extracted with Wizard SV gel and PCR 3'; and reverse, 'BAGCTTATGACCCGCACTTAC-3) as
cleanup system, because unbound TFO would interfere withinternal control for real time PCR. Relative transcript levels
the real-time PCR reaction. Aliquots of the purified DNA were normalized to 18SrRNA. The data was presented by
samples were subjected to real-time PCR with conditions: setting control sample with no Pso-APS165 treatment as
600 nM primers, 2 min at 95C, followed by 40 cycles with ~ 100%. To study the inhibition of gene expression by TFOs,
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Ficure 2: (a) Effect of TFO/pDNA ratio on triplex formation. pCol-CAT220 was incubated with Pso-APS165 at 300-fold molar excess.
Following UV irradiation, the mixture was purified, and digested vBjll, BseRIl, andXbd. The lengths of digested products (64bp, 166

bp, and 108 bp) are indicated. Inhibition of cleavageBsyRI resulted in the disappearance of the 108-bp fragment and appearance of a
new band of 172bp25nt of APS165. (b) Time course of the reaction of Pso-APS165 with pCol-CAT220. pCol-CAT220 was incubated
with Pso-TFO165 at 300-fold molar excess for 90 min af@7 followed by UVA irradiation for 0, 1, and 10 min. The plasmid was then
digested withXbd and Bglll to release a 338-bp fragment. The samples were finally applied to denaturing gel electrophoresis.

we also used pCol-GFP595 encoding green fluorescentbetween—141 to—200, which were the targets of the TFOs
protein (GFP) driven by humaml(l) collagen promoter from  (9). While we reported triplex formation between the TFOs
—495 to+100 @6). The TFO used here was an antiparallel and short duplex DNA containing target sequenceslif)
phosphorothioate sequence (hC1APSAGGGAAGG- collagen gene promoter, we still need to demonstrate and
GAGGAGGAGGGGGAGAGGTAAG-3 reported before  quantify their triplex formation with genomic DNA.
(36). However, the triplex was not preformed and we  ag shown in Figure 1a, a 30-bp oligopyrimidine
transfected HSC-T6 cells in two steps. First, HSC-T6 cells gjigopurine duplex sequence (T1:T2) froml41 to —170
were transfected with pCol-GFP595 at a dose pfgAvell i the C1 region of thexl(l) collagen gene promoter was
after complex formation with Lipofectamine at 3/Lwiw for  -posen as a target sequence. We designed APS165 to study
2 h. These cells were then transfected with hC1APS atji5 triplex forming ability at this site. This oligonucleotide
different concentrations and incubated for a total of 36 h. contains guanine and adenine nucleotides, allowing formation
GFP expression was determined by a fluorescence micros-yf g.G:C and AA:T triplets, with (;) standing for Watson
copy as well as by a fluorometer after protein extraction. cyick hydrogen bonds ane))standing for reverse Hoogsteen
Relative fluorescence intensity was normalized by total hyqrogen bonds after binding in an antiparallel orientation
cellular protein, which was determined by bicinchoninic acid iy respect to the purine strand of the duplex DNA. To
(BCA) protein assay kit (Pierce, IL). increase the complexity of triplex formation microenviron-
RESULTS ment step by step, we demonstrated the triplex formation at
the level of plasmid containingl(l) collagen gene promoter,

Target and Psoralen-Linked TFO®/e have previously ~ 9enomic DNA, isolated nuclei, and live cells.
shown that thex1(l) collagen gene promoter contains two We chose to use psoralen-conjugated TFOs because they
contiguous stretches of polypurine/polypyrimidine sequence can be photoinduced to become irreversibly bound to their
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Ficure 3: Triplex formation between APS165 with C1 duplex DNA. (a) Effect of TFO/duplex DNA ratio on triplex formation. The
formation of duplex and triplex was checked by electrophoresis on a native polyacrylamide gel. (b) Effect of TFO/duplex ratio and UVA
exposure on psoralen-induced photoadduct formation between Pso-APS165 and duplex DNA. Irradiation was carried out for 10 min at O
°C at 366 nm. Photoadduct was checked by electrophoresis on a 15% denaturing polyacrylamide gelga@riimea and 40% formamide.

target DNA sequence so that triplex structure can be retainedthe case of Pso-APS165 and 30 min in the case of MN.
intact until detection during sample preparatidi3)( Even Following UVA irradiation, Pso-APS165 bound pCol-
though the triplex structure is pretty stable after formation CAT220 was digested witKbad andBglll to release a 338-
(9), the triplex structure might be destroyed during the very bp fragment containing triple helix. On the denaturing gel,
harsh sample preparation steps (i.e., purification), which will the photoadduct could not dissociate and the TFO was
lead to underestimation of the triplex formation ability. TFOs attached to the target sequence leading to appearance of a
were conjugated to psoralens hosphoramidite via a six-  new slower-migrating species (corresponding to DNA con-
carbon linker to allow UV-induced photoadduction after taining triplex structure). As can be seen in Figure 2b, the
triplex formation at the target site. To demonstrate sequence-band intensity of the new species increased with increase in
specific binding activity of the TFO, one control oligonucle- the UVA irradiation time, with almost half of the original
otide MN with 7 nucleotides mismatched was also designed DNA transformed into new species. In contrast, the control
and included in experiments (Figure 1a). oligonucleotide MN did not show any triplex formation even

In Vitro Characterization of Triplex Formatiorspecificity ~ at 30 min post UVA irradiation (Figure 2b).
of triplex formation between target DNA and APS165 was  Triplex Formation witha1(l) Collagen DNA DuplexTo
examined with a restriction enzyme protection assay that is determine the triplex formation ability of APS165 with a
based on the ability of triplex structures to interfere with target duplex sequence (T1:T2), triplex formation was
restriction enzyme cleavage. pCol-CAT220 was used to form characterized in mobility shift assays. The 30-bf(l)
triplex with APS165. The triplex target sequence overlapped collagen DNA fragment from—141 to —170 (T1:T2)
with a BseRl| cleavage site (Figure 2a). Three-hundred-fold (1.38 ug/sample) was incubated with APS165 or control
molar excess of Pso-APS165 was incubated with pCol- oligonucleotide MN at increasing TFO/duplex DNA molar
CAT220. After digestion withBglll, BseRl, and Xbd ratios, followed by gel electrophoresis on 15% native
restriction enzymes, three fragments of 166 bp, 108 bp, andpolyacrylamide gel (Figure 3a). Unlike the control oligo-
64 bp should be generated without protection (Figure 2a). nucleotide MN, which did not form triplex with the1(I)
So, without incubation with Pso-APS165 or at the presence duplex, the APS165 formed triplex with the target duplex,
of control oligonucleotide MN (Figure 2a), we observed 166- and the amount of triplex DNA structure increased with
bp and 108-bp fragments and due to much lower intensity, increase in their molar ratios based on the band intensity
64-bp fragment was not showing up. In contrast, inhibition with ethidium bromide staining. At the molar ratio of 200
of BseRl by triplex structure resulted in the disappearance (TFO/duplex DNA), almost half of the duplex was trans-
of the 108-bp fragment at the Pso-APS165/pCol-CAT220 formed into triplex structure and all the duplex was trans-
of 300 and a new fragment appeared which was correspondformed into triplex at the ratio of 1000 for APS165 (Figure
ing to fragment of 108 bp plus 64 bp and bound 25-nt Pso- 3a).
APS165. This suggests that tBeeRl site was protected by We then determined the effect of molar ratios of Pso-
Pso-APS165 and the observed inhibition was sequence-opsi165/duplex on psoraledDNA photoadduct formation
specific. upon UVA irradiation. In this case, the 30-bp duplex DNA

To determine the effect of UVA irradiation time on (50 ng, 2.5 pmol) was incubated with increasing amounts
photoadduct formation, pCol-CAT220 was incubated with of Pso-APS165, UVA-irradiated for 10 min and applied to
Pso-APS165 or MN at 300-fold-molar excess for 90 min at 15% denaturing polyacrylamide gel electrophoresis. Fast-
37 °C followed by UVA irradiation for 0, 1, and 10 min in  migrating species was single-stranded Pso-APS165, and no
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Ficure 4: Triplex formation with genomic DNA, isolated nuclei, and living cells. (a) Genomic DNA was incubated with Pso-APS165 or
control oligonucleotide MN. Samples were then UVA irradiated for 10 min and then subjected to PCR reaction without any manipulation.
(b) Isolated nuclei were incubated with or without 2Bl Pso-APS165 for 90 min at 37C with gentle rotation, and UVA irradiated at O

°C. The nuclei were then digested and DNA was isolated. The isolated DNg)(®as subjected to PCR amplification using primers P1

and P2. (c) HSC-T6 cells were incubated with or without Pso-APS165 &C3@r 12 h and UVA irradiated, and the cells were harvested

to isolate genomic DNA, which was subjected to PCR reactions. The PCR products were analyzed by 2% agarose gel electrophoresis.

staining appeared for 50 ng of duplex DNA (Figure 3b). We using primers located on each side of the psoralen photo-
noticed that, with increasing Pso-APS165/duplex DNA ratios, adduct site Z3, 26) implying that a triplex structure in the
the fraction of slower migrating species increased for samplesgenomic DNA did not allow PCR amplification of 399-bp
with UV-irradiation, and a significant large fraction of Pso- fragment overlappingx1(l) collagen target sequence. We
APS165 was converted into a slower-migrating species atcould see the significant reduction of PCR product when 1.25
the Pso-APS165/duplex DNA ratio of 200 (Figure 3b). and 2.5uM of Pso-APS165 were used (Figure 4a). In
However, no slower-migrating species was seen even at thecontrast, for the same sample, amplification of a 227-bp
TFO/duplex ratio of 200 in the absence of UVA-irradiation. product in an unrelated distal region by PCR was minimal.
In contrast to Figure 3A, since we used denaturing gel which In addition, when 2.5xM MN was incubated with the same
could destroy the hydrogen bonds among DNA bases, theamount of genomic DNA, PCR reaction was not affected.
triplex structure could not be retained without psoralen- These results demonstrate the ability and specificity of triplex
dependent photoadduct. Since photoadduction of psoralenformation of Pso-APS165 with purified genomic DNA
conjugated TFO with the target DNA is irreversible under uitro.
the condition of denaturing gel electrophoresis, it would  Triplex Formation in Isolated NucleiThe ability of Pso-
prevent dissociation of TFO from the DNA duplex. However, APS165 to bind to the genomic target in its intact supranu-
we did not differentiate the monoadduct and cross-linking, cleosomal structure was tested by incubatinguM Pso-
since in our quantification method, both forms of photoad- APS165 with 5x 1 of isolated nuclei of HSC-T6 cells in
ducts will inhibit PCR reaction. 100 uL of triplex forming buffer for 90 min at 37C and
Triplex Formation with Genomic Target DNAs a next then UVA irradiated for 10 min. No PCR product was
step, we determined the ability of TFOs to specifically bind detected when the genomic DNA isolated from the UVA-
to a1(l) collagen promoter in the natural context of purified irradiated nuclei was subjected to PCR reaction using primers
genomic DNA. Different amounts of Pso-APS165 were P1 and P2 to amplify a 399-bp product containiag(l)
incubated with 2¢g of purified genomic DNA isolated from  collagen target site (Figure 4b). However, without Pso-
HSC-T6 cells for 90 min at 37C and UVA irradiated for APS165 a high amount of PCR product was observed. The
10 min to allow photoadduct formation. Primers P1 and P2 results suggested that Pso-APS165 formed a substantial
were used to amplify the 399-bp product overlapping the amount of triplex-dependent photoadducts in nuclei and
triplex formation region of the 25-bp1(l) collagen, while inhibited PCR amplification in this specific region. This
P1 and P5 were used to amplify a 227-bp fragment in a indicated the accessibility of thet1(I) collagen target
nonrelated control region. If the triplex is formed on genomic sequence in the intact supranucleosomal structure to Pso-
DNA, the TFO can be covalently attached to the double helix APS165.
via psoraler-DNA photoadduct formation. Psorate®DNA Triplex Formation in HSC-T6 Celldt is well-known that
photoadducts obtained after treatment with Pso-APS165 andODNs possess low ability to penetrate the cellular/intracel-
UVA irradiation are not substrates for PCR amplification lular membranes to get entry into cytoplasm, but are known
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to passively diffuse through the nuclear pore into the nucleus @
once they are escaped from the endosome/lysosome vesicle:
Therefore, HSC-T6 cells were incubated with 0, 1, and
10 uM of Pso-APS165 for 12 h at 37C. The cells were

then UVA-irradiated for 10 min, and genomic DNA was
isolated and subjected to PCR using primers P1 and P2 to
amplify the 399-bp fragment containing triplex formation
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(Target region/Control region)

Relative Amount of PCR Product (%)

site. No significant PCR product was seen when the cells 0 12.5 Concentration (1M)
were incubated with 1«tM Pso-APS165 (Figure 4c). In + * * . UVA Exposure
contrast, nontreated cells as well as the cells incubated with
1 uM Pso0-APS165 showed a similar band intensity repre- =
senting the 399-bp PCR product. °g§ 1001 oo

Quantification of Triplex Formation by Real-Time PCR. g”g . 872
To characterize triplex formation in a quantitative manner EE
in different chromatin contexts, we developed a real-time &g o
PCR-based approach that allows quantification of triplex £ B :
formation with the target site in the genome. This approach H %‘ gil i
allowed us to determine the DNA amount in unknown SE 0 25 50 o [DEEE
samples. Since triplex structure would inhibit PCR reaction, EC = = " N -
we could measure the amount of those DNA molecules &

without triplex structure. In other words, we could determine FIGURES: Quantitative measurement of triplex formatiarvitro.
the amount of DNA containing triplex structure using real- (&) PCol-CAT220 (lug) was incubated with different amounts of

. . - - Pso-APS165. Samples were then UVA irradiated for 10 min, and
time PCR. To avoid the possible interference of unbound then 'the mixture was subjected to 0.5% agarose gel elution and

TFO with the real-time PCR process, we purified plasmid extraction. Aliquots were subjected to real-time PCR. (b) Genomic

or genomic DNA from the triplex forming reaction mixture DNA (4 ug) was incubated with different amounts of Pso-APS165.
and then aliquots of the samples were applied for PCR. Samples were then UVA irradiated for 10 min, and then the mixture
: ) ; was subjected to 0.5% agarose gel elution and extraction. Aliquots

Compared to genomic DNA, pCol-CAT220 contained a were subjected to real-time PCR. The amounts of PCR products
much larger amount of target sequence of Pso-APS165,f target fragments were calculated based on difference between
which would be easier for detection. One microgram of pCol- Ct numbers obtained for the same sample from a control region
CAT220 was incubated with different amount of Pso- and targetregion. Relative P_CR product_was reported as a function
APS165 and then UVA-irradiated. After purification, one of Pso-APS165 concentration by setting sample without TFO

- treatment as 100%. Data were expressed as the thestandard
twentieth of the sample DNA~10 ng) was used for PCR deviation (SD) ( = 3). *: P < 0.05 was considered statistically

reaction. By calculating\Ct from the two PCR reactions  significant. Statistics were calculated based on unpaired Student's
using two sets of primers (P6/P2 and P7/P8) for the samet test ¢, with UVA irradiation; —, without UVA irradiation).

sample as we mentioned in Materials and Methods, the
amount of PCR product relative to the control sample (in pCol-CAT220. Similarly, when UVA-irradiation was omit-
which pCol-CAT220 was not incubated with Pso-APS165) ted, we detected only 12.8% of the DNA containing triplex
could be determined (Figure 5a). We observed a dose-structure even at 5@aM Pso-APS165. This indicates that
dependent reduction in the amounts of PCR product whenduring sample preparation the bound TFO was most likely
pCol-CAT220 was incubated with different amounts of Pso- |ost without psoralen photoadduct formation, which again
APS165. More specifically, with &g (12.54M) and 2ug confirmed the necessity of using psoralen modification in
(25/1M) of Pso-APS165 (PSO-APSlGS/pIasmId molar ratio: the quantiﬁca’[ion experiments_

300 and 600), PCR products were 76.3% and 24.7%, which

meant 23.7% 100% — 76.3%) and 75.3%= 100% — When we applied the quantification method to DNA

24, 7% . e ) samples from nuclei which were treated with Pso-APS165
.7%) of the plasmid containing triplex structure, respec- : - o P .
tively. However, when UVA-irradiation was omitted, only under d|fferent_ condltl_ons as mdu;ated in Figure 6a, Itwas
48.9% €& 100% — 51.1%) of the plasmid was detected to found that, .by mcubapng for 90 min atiM and 10uM in 0
contain triplex structure with 26M Pso-APS165, indicating ~ ~O0#L Of triplex forming buffer with PSo-APS165, 15.1%
the loss of triplex structures during sample preparation 21d 36.7% of genomic DNA in isolated nuclei contained
without psoralen photoadduct formation. t_rlple>_< structure, respectively. Agaln_, wn_hoyt_ UVA-irradia-
Similarly, genomic DNA was also incubated with Pso- tion, it was only 22.6%. Quantification in living cells was
APS165 and purified by gel elution. However, 4y of very successful. After incubation of 12 h with Pso-APS165,
genomic DNA was used since the content of target sequence?6-5% and 50% of DNA from HSC-T6 cells were found to
would be much lower compared to pCol-CAT220 and the have triplex structure at concentrations i and 5uM,
gel extraction efficiency was also lower10%) compared ~ respectively (Figure 6b). However, for APS165 without
to that of plasmid DNA (data not shown). As shown in Figure Psoralen modification, the triplex structure detected was
5b, the relative amount of PCR product was 34.6% and much lower (20.3% compared to 50% au5l). When we
17.8% with 25¢M (2 ug) and 5QuM (4 g) of Pso-APS165,  compared the triplex formation between in nuclei and in
respectively. In other words, the amount of the genomic DNA living cells, the extent of triplex formation is somewhat lower
containing triplex structure was 65.4% (100% — 34.6%) in isolated nuclei (36.7% compared to 50% in living cells),
and 82.2%+ 100%— 17.8%), respectively. This confirmed probably due to the shorter incubation time (90 min)
the dose-dependent triplex formation as we observed with compared to that for living cells (12 h).
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2

— a TFO hC1APS, we also observed a decrease in GFP gene
] w0 . expression in a dose-dependent manner (Figure 8b). Using
Kl . 74 fluorescence microscopy, the GFP expression was easily
5.3 monitored (panels-t4). The intensity of fluorescence was
_— measured using a fluorometer after cell lysis. The highest
inhibition of GFP gene expression was found to be 87.8%
when HSC-T6 cells were treated withuM TFO. However,

this high gene inhibition at only &M is probably due to

0 the residual of Lipofectamine in the culture media, which

Pao-APS165

0 5 10 10 Concentration (xM) has been formulated with pCol-GFP595.

+ + + = TUVA Exposure
DISCUSSION

. 5 In the promoter region ofi1(l) collagen gene, the entire
’D T region spanning from-140 to—200 exists as an asymmetric
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(Target region/Control region)

Relative Amount of PCR Product (%)
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100,00

S @

00 polypurine-polypyrimidine tract in which the polypyrimi-
dine sequence at141 to—170 is called C1 regions, which
. is localized on the noncoding strand, whereas the adjacent
Cellonly | APSIGS | APSIGS | Pao-APSI6S | Pso-APSI6S polypurine sequence from171 to—200 is called C2 region,

0 ' s ' 5| Concentation ) which is present on the coding strar@B). The cis-acting
elements in the C1 and C2 regions plays a key role in
FIGURE 6: Quantitative measurement of triplex formation in nuclei collagen transcription, and hence makes it an ideal target
and living cells. (a) Isolated nuclei were incubated with Pso-APS165 for developing antigene-based antifibrotic agerts, @2).

at concentrations of 0, 5, and XM for 90 min at 37°C. The ; ; ;
nuclei were then UVA irradiated for 10 min, and then genomic We have demonstrated that TFOs could form triplex in this

DNA was isolated and purified. Aliquots of DNA samples were €gion and inhibit activity of the promoten vitro (9, 36,
subjected to real-time PCR. (b) HSC-T6 cells were incubated with 39). In addition, TFOs have been shown to prevent/reverse
Pso0-APS165 or APS165 at concentrations of 0, 1, apdv5at fibrosis in a dimethylnitrosamine (DMN) induced liver
37 °C for 12 h and UVA irradiated, and the cells were harvested fiprosis model in rats, which indicated the therapeutic

to isolate genomic DNA. The DNA was purified by gel elution, : )
and aliquots were subjected to real-time PCR. The amounts of PCR.pcm:"ml"jll of these TFOs). However, thorough understand

products of target fragments were calculated based on differenceind Of in vivo triplex formation ability and efficiency of these
between Ct numbers obtained for the same sample from a control TFOS is still essential for their use as antifibrotic agents.
region and target region. Relative PCR product was reported as a Most of studies on specificity, efficiency, stability, and
function of Pso-APS165 concentration by setting sample without bioactivity of TFO-induced triplex formation are based on

9 e i .
;';ﬁdg%am%?;ﬂzﬁ %gg)ﬁ.(zD%t)a l'_"e;e fxgga;s;sgsacsortg?d:?ggn in vitro targets in short duplex DNA, constructed plasmids

statistically significant. Statistics were calculated based on unpaired (8—10, 26, 28, 31, 33). However, based on these vitro
Student'st test ¢+, with UVA irradiation; —, without UVA results, it is not possible to correlate triplex formation with

irradiation). transcription inhibition of TFOsn vivo. Therefore, deter-
mination of chromosomal binding of TFOs is desirable in
Cellular Uptake and Nuclear Translocation of TFOhe the deve|0pment of an antigene strategy. Using pCo|_
ability of APS165 to be taken up by cells was studied. CAT220, we could explicitly correlate the extent of triplex
APS165 was labeled with 6-FAM (F-APS165). In Figure 7, formation with the degree of transcription inhibition. At the
under fluorescence microscopy, a significant intensity of same triplex formation condition (TFO/plasmid 600),
green fluorescence was found to be associated with nuclei73.6% of gene inhibition was seen at 75.3% of triplex
(blue) at 24 h post-transfection of F-APS165. When F- formation. Furthermore, with genomic DNA in living cells,
APS165 was directly incubated with isolated nuclei, a high we showed 26.5% and 50% of triplex formation at 1 and
intensity of green fluorescence could be quickly found to 5 ;M of Pso-APS165, respectively. This was also consistent

be inside the nuclei. In an expanded view, the aSSOCiationwith our previous re5u|t53(7), where we showed that at
of F-APS165 with nuclear structure was more obvious. These 0.5uM of free TFO did not inhibit typex1(l) collagen gene

results confirmed that APS165 could gain access into nUC|eitranscription and with transfection reagent (i_e_' Lipo_
in living cells by direct incubation without any transfection  fectamine or conjugated with M6P-BSA), around 50% of
reagent. gene inhibition was observed at /M and 80% at 1uM.
Inhibition of a1(l) Collagen Transcription in HSC-T6  This was because conjugation of TFO with M6P-BSA
Cells.As shown in Figure 8a, the gene transcription of pCol- increased its cellular uptake by almost 10-fold at 6 h
CAT220 was highly inhibited by preformed triplex. We postincubation 7). In isolated nuclei, 36.7% of triplex
observed dose-dependent inhibition with increased Pso-formation was observed, possibly due to less incubation time
APS165/plasmid molar ratios. Compared to control sample (90 min). However, these results suggest that there is no
without Pso-APS165 treatment, the relative CAT mRNA intrinsic cellular limitation to TFO binding besides the
levels were 43.8%, 31.9%, and 26.4% when triplex was chromatin structure at the target sit@3). By simply
preformed at 100, 300, and 600 of Pso-APS165/plasmid increasing delivery of TFOs, the triplex formation as well
molar ratio, which were corresponding to 56.2%, 68.1%, and as bioactivity could be significantly improved,(37, 43).
73.6% of inhibition, respectively. Similarly, in another Even though TFO was poorly taken up by HSC-T6 cells,
experiment, when we first transfected HSC-T6 cell with we could still observe a significant amount of TFO associated
pCol-GFP595 complexed with Lipofectamine and then with with nuclear structure after £24 h incubation with intact
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Ficure 7: Cellular and nuclear uptake of APS165. Isolated nuclei of HSC-T6 cells and living HSC-T6 cells were incubated with F-APS165
for 90 min and 24 h, respectively. HSC-T6 cell nuclei were stained with DAPI and visualized under fluorescent microscopy (DAPI, blue;
6-FAM, green).
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Ficure 8: Transcription inhibition. (a) Relative transcription of CAT gene of pCol-CAT220 under the control afil{gtcollagen gene
promoter. pCol-CAT220 was incubated with Pso-APS165 or APS165 at different ratios as indicated, UVA irradiated, purified by gel
elution, and transfected into HSC-T6 cells after complex formation with Lipofectamine at 3/1 (w/w) ratio. After 36 h incubation, total RNA
was isolated. cDNA was generated and amplified by real-time PCR. Ct value was normalized by that of 18s RNA. The data was presented
by setting control sample with no Pso-APS165 treatment as 100%. (b) Relative expression of GFP in HSC-T6 cells transfected with
Lipofectamine/pCol-GFP595 complexes, followed by incubation with hC1APS. GFP expression was determined by visualizing transfected
cells under a fluorescent microscopy (panels4l and relative fluorescent intensity of cell extract by a fluorometer. hC1APS
concentrations: 0, 0.2, 0.5, and M for panels 1 to 4, respectively. GFP expression levels were normalized by measuring total protein
concentration by BCA assay. Data were expressed as the tnstandard deviation (SDph(= 3). *: P < 0.05 was considered statistically
significant. Statistics were calculated based on unpaired Studetets.

HSC-T6 cells and when TFO was incubated with nuclei, we were used. We could detect the triplex formation by
found that it quickly accumulated in nuclei (Figure 7). incubating HSC-T6 cells with 10M of Pso-APS165 without
However, triplex formation in nuclei as well as living cells any transfection reagent but not at 1 mM using conventional
was possible only when pretty high concentrations of TFOs PCR (Figure 4c). In our settings, quantification of triplex
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formation in living cells showed 50% of genomic DNA good agreement with our previously published results for
containing triplex structure at optimized conditions, which different TFOs targeted to the C1 regionai(l) collagen
indicated that intracellular conditions were favorable for the gene, in which radiolabeled duplex DNA was usél The
existence of triplex 49, 33). However, another intriguing  specificity of triplex formation was confirmed by including
issue is whether noncovalently bound triplex itself can inhibit a control oligonucleotide MN, which was different from
gene expression. Based on results from many other studiesAPS165 with 7 nucleotides. However, only the psoralen
(13, 33) and this study (Figure 8b), it is clearly suggested photoadduct when using Pso-APS165 could survive under
that inin vivo situation, APS165 could persist in cells or the conditions of denaturing PAGE (Figure 3b). This suggests
blockade the activity of RNA polymerase. that psoralen-induced photoadduct could protect the triplex
Our result of 50% triplex formatiom vivo is comparable  structure against harsh conditions during sample preparation
to two other studies2Q, 23). However, many other reported in which the formed triplex otherwise might be destroyed.
1-50% triplex formation in living cells 17, 21—-23). This The enzyme protection assay further confirmed the efficiency
suggests that triplex formation is dependent on cell types, and specificity of triplex formation of Pso-APS165 (Figure
binding affinity and metabolic stability of TFOs, accessibility 2a). The specificity of APS165 was further confirmed from
of chromosomal DNA targets, and detection methods. It hasresults using conventional PCR to demonstrate the triplex
been shown that triplex formation could be affected by formation of naked genomic DNA with Pso-APS165 but not
transcription activity 17, 23), and cell cycle 24). In addition, with MN (Figure 4a).
repair of psoralen photoadducts inside the cells could also In this study, we demonstrated that a more rapid and much
happen 83). Different detection methods may also contribute simpler PCR-based method could be applied for determining
to the wide variation in the degree of triplex formation triplex formation with genomic DNA, which might be
vivo. In our PCR strategy, we amplified a control region extended to many other TFO related studies. A real-time PCR
and a target region and these two regions are only separateavas used to quantify the triplex formation using two sets of
by several hundred base pairs. The psoralen cross-linkingprimers, one set of primer for amplification of a control
possibly prevents the dissociation of double strands of DNA region and another for target region overlapping triplex
in the control region completely, which might compete with forming site. A similar strategy has been shown successful
primer annealing46), and thus it might result in underes- in quantification of triplex formation in living cellS23, 33).
timation of the triplex formation in our settings leading to However, in our strategy, a gel elution procedure was used
possible artifacts. However, since in our target sequence therg¢o remove unbound TFO molecules from the target DNA.
is no B-TpA-3' sequence adjacent to thé-éhd of Pso- In addition, a separate step for enriching triplex structure,
APS165, a preferential site for psoralen-induced cross-linking e.g., using streptavidin-coated magnetic bedds 22), is
(32), and irradiation was done at 366 nm, the fraction of not required, since PCR can be efficiently inhibited by TFO-
mono-photoadducts must be very high. The competition of directed psoralen modification regardless of monoadduct or
primer annealing in the control region might not be signifi- cross-linking 21, 26, 34, 46). When we applied conven-
cant. Therefore, we did observe marginal inhibition of tional PCR reaction to the samples without this purification
amplification in the control region but not significant (Figure step, we could detect the inhibition of PCR at a much lower
4a). TFO dose compared to those with purification step. This is
Capture and detection of triplex structures from a reaction because the unbound TFOs could bind to target sequence
mixture remain another challenge, which requires a highly during PCR reaction and thus inhibit PCR reaction, resulting
sensitive quantification method. Giovannangeli et aD) ( in overestimation of triplex formation, unless they are
could detect the triplex formation in permealized cells by explicitly removed as suggested by Becker et &l7)(
using the combination of DNase | protection and Southern Even though Oh et al. were concerned that the unbound TFO
blot assays and competitive PCR. However, this is pretty might interfere with the accurate quantification of triplex
tedious and not sensitive enough for quantification. Besch formation @1), unbound TFOs might still persist in the
et al. 2 also developed a PCR based method, in which reaction mixture using single-strand ligation PCR. Introduc-
the triplex structure was first enriched by using streptavidin- tion of a purification step before real-time PCR, for both
coated magnetic beads and then DNA sample was subjectegrlasmid and naked genomic DNA, enabled us to detect
to a two step PCR reaction (a conventional PCR followed triplex structures in around 80% of target sequence and
by a real-time PCR) for quantification. These authors 50% in vivo. This finding is consistent with other reports
quantified the triplex structures in living cells which was regarding the triplex formation efficienap vitro (22, 32,
less than 1%, suggesting the need to develop new strategie83) andin vivo (20, 23) and confirmed the reliability of our
to improve the triplex formation in living cells. These method.
strategies include TFO analogues with high binding affinity  In conclusion, we demonstrated that triplex formation of
(19, 44, 45) and efficient delivery strategied,(37, 43). In APS165 withal(l) collagen gene is possible, with high
addition, psoralen modified TFO has been used for assessingpecificity and efficiency inside HSC-T6 cells. A very good
triplex formation (7, 22, 26, 31, 32). In contrast, Debin et  correlation between the triplex formation and the gene
al. have failed to demonstrate triplex formation in intact cells inhibition was demonstrated with the help of a simple and
when using non-psoralen modified TF28]. We began with quick real-time PCR-based method. The results from this
a 30-bp duplex target of 170 to—141 promoter region of  study provide a consolidated base for the development of
al(l) collagen gene, since this is the simplest target for TFOs specific tax1(l) collagen gene promoter as antifibrotic
APS165. As shown in Figure 3a, APS165 could efficiently agents. Furthermore, the described PCR-based assay can be
form triplex with half of the duplex transformed to triplex generalized to other applications for detection of triplex
at the molar ratio of 200 (TFO/duplex). This finding is in formation.
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