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Abstract. Triple helix-forming oligonucleotides (TFOs)
that specifically bind to double-stranded DNA sequences
can be rationally designed, while intracellular delivery of
single stranded RNA TFOs has not yet been studied in
detail. In this report, we demonstrate gene and sequence-
specific inhibition of MCP-1 gene expression due to
interference of intracellular-generated single-stranded
RNA (CU-TFO) with an overlapping SP-1/AP-1 target.
Binding of synthetic 19-nucleotide (19-nt) CU-TFO
to the MCP-1 promoter duplex was verified by triplex

blotting. Furthermore, we confirmed binding of a 1.1-kb
fusion transcript containing the 19-nt pyrimidine CU
sequence to a plasmid-encoded MCP-1 promoter target
duplex at pH 7.0. In tumour necrosis factor-a-stimulated
HEK cells, CU-TFOs inhibited MCP-1 protein release by
76 + 10.2% compared to intracellular-generated control
oligonucleotides. Interleukin-8 as a control target gene
was not affected by CU-TFO, confirming both highly
specific and effective chemokine gene repression by
transfectable TFO-shuttle vectors.

Key words. Triple helix-forming oligonucleotide (TFO); antigene strategy; chemokine; monocyte chemoattractant
protein-1 (MCP-1); AP-1; SP-1; triplex; tumour necrosis factor; interferon-gamma.

Specific interference of gene expression has wide-rang-
ing applications in experimental biology and is an attrac-
tive approach for the development of new therapeutics.
Several gene-specific inhibitory strategies have been
established in vitro but rarely tested in vivo. Synthetic
DNA/RNA oligonucleotides either inhibit mRNA trans-
lation (antisense strategy) or may destroy specific mRNA
molecules when delivered in the form of ribozymes or
siRNA. As an alternative to these approaches, gene
expression may be modulated at an earlier step, i.e. at the
level of transcription, by molecules that specifically
interact with the DNA double helix. Interest in oligonu-
cleotides designed to form triple helices with double-
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stranded DNA is steadily increasing, partially because of
their potential as artificial repressors of gene expression
and as mediators of site-specific DNA cleavage. Modula-
tion of transcription by triple helix-forming oligonu-
cleotides (TFOs) was described in cell-free systems
and in intact cells using e.g. plasmid targets transiently
transfected into these live cells [1, 2], but also for endo-
genous genes [3]. Moreover, at a given promoter, triplex
formation was shown to block the binding of various
transcription factors, including SP-1, thereby inhibit-
ing transcription initiation [4]. Triplex formation also
augmented site-directed mutagenesis and promoted
recombination in a site-specific manner [5—7]. Triplex-
based activity in animals was demonstrated by success-
fully introducing site-specific genomic modifications in
somatic cells of adult mice [8]. The triplex-mediated
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antigene approach has been used to selectively inhibit
a wide array of clinically important genes. Examples
include transcriptional inhibition of aldehyde dehydro-
genase [9], interleukin (IL)-2 receptor [10], the human
HER2/neu gene [11], c-myc [12, 13] and granulocyte/
macrophage colony-stimulating factor [14]. The mecha-
nisms underlying triple helix formation are reasonably
well understood. TFOs specifically bind to the major
groove of DNA, forming Hoogsteen- or reverse Hoog-
steen-hydrogen bonds with bases in the purine-rich
strand of the duplex DNA. Optimal target sequences
must harbour 12—-14 consecutive purines on one strand
[15] since only purine bases are able to establish two
Hoogsteen- or reverse Hoogsteen-type hydrogen bonds.
Two principle binding motifs have been described: for
the pyrimidine motif, a TFO consisting of cytosine (C)
and thymine (T) binds with a parallel orientation to the
purine strand of DNA via Hoogsteen bonds. Sequence
specificity is mediated by binding of third-strand
thymines (T) to adenine in A:T base pairs while proto-
nated cytosines (C+) bind to guanine in G:C base pairs.
For the purine-binding motif, the TFO binds antiparallel
to the purine-rich strand of the DNA via reverse Hoog-
steen bonds. In this case-triplex formation is mediated
by binding of adenine or thymine to adenine in A:T base
pairs, and guanine to guanine in G:C base pairs.

Out of a high number of possible TFO targets in the
mammalian genome that we have located with a gene
bank search algorithm [H. H. Radeke and B. Bruno,
unpublished data], we have chosen a purine-rich
19-bp target sequence close to the ATG start site of the
human chemokine, monocyte chemoattractant protein-1
(MCP-1) gene.

MCP-1, a member of the CC chemokine superfamily,
functions in attracting monocytes [16], T lymphocytes
[17-19], basophils [20] and B cells [21] to sites of
inflammation. MCP-1 is expressed in different cell
types including monocytes, T lymphocytes, endothelial
cells, fibroblasts and, in the case of injury, a number of
organ tissue cells, such as renal mesangial cells [22-24].
Several studies have shown that MCP-1 plays a major
role in the initiation and progression of various forms of
nephritis [25-31]. In addition, the expression of MCP-1
is associated with the pathogenesis of many other
chronic inflammatory diseases, e.g. atherosclerosis [32]
and multiple sclerosis [33]. The expression of MCP-1 is
regulated by cytokines including tumour necrosis factor
(TNF) [34], platelet-derived growth factor (PDGF) [35],
interferon-y (IFN-y) [36] and IL-1 [23, 37], but stress
factors and viral infections also cause MCP-1 expres-
sion [38, 39]. Several regulatory promoter regions
important for MCP-1 expression have been identified.
Two nuclear factor-xB-binding sites located approxi-
mately 2.6 kb from the transcription initiation site
appeared to be critical elements for MCP-1 induction in
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response to IL-18 and TNF-a [40, 41]. Additionally,
within an 150-bp segment located 5’ to the ATG transla-
tion start codon, two consensus elements for the AP-1
trans-acting factors have been described in the human
MCP-1 promoter. The more proximal of these consen-
sus AP-1 elements overlaps with a consensus site for
SP-1 that appears to be important for the basal tran-
scriptional activity of the gene [41]. Mutation of the
SP-1-binding site proved to be critical for regulation by
both TNF and PDGF [42]. Thus, both disease findings
and gene regulatory studies at the molecular level point
to a considerable proinflammatory role for MCP-1.
Several therapeutic strategies including neutralizing
antibodies and protein antagonists have been employed
to reduce MCP-1 activity in nephritis and other inflam-
matory diseases [43]. These antiprotein/receptor strate-
gies as well as inflammatory disease models in MCP-1
gene-deficient mice revealed variable and mostly lim-
ited success, which might be due in part to incomplete
inhibition of MCP-1 activity [31].

The human MCP-1 promoter region contains a 19-bp
TFO target site spanning the binding motif for SP-1 and
partially overlapping a putative AP-1-binding site. Pre-
viously, we demonstrated that a 19-nucleotide (19-nt)
purine TFO binding in an antiparallel orientation to the
human MCP-1 promoter formed a sequence-specific
triplex with the target DNA in vitro, blocked in vitro
binding of nuclear extract proteins and recombinant
SP-1 to the promoter DNA and, when added extracellu-
larly, inhibited MCP-1 expression in HEK 293 cells by
45% [44]. In the present study, we investigated a new
approach to optimise triplex oligonucleotide delivery by
an intracellular shuttle vector. In this way, we sought to
overcome obvious limitations of the oligonucleotide-
based technology, such as insufficient delivery to nuclei
and the need to apply chemically modified TFOs to
ensure stability in the extracellular and intracellular
environment. As described here, we achieved this goal
by designing an eukaryotic expression vector transcrib-
ing a triplex-forming RNA sequence as a pyrimidine-
binding motif together with the hygromycin resistance
mRNA as one fusion transcript. HEK 293 cells stably
transfected with this vector exhibited a marked reduc-
tion in MCP-1 expression. To confirm that triplex
formation was be the true mechanism of action responsi-
ble for these significant results, we identified sequence-
specific triplex formation with a synthetic 19-nt TFO.
Furthermore, we showed binding of the 1.1-kb fusion
transcript containing the CU-TFO to a plasmid-encoded
MCP-1 promoter duplex target. Therefore, the experi-
mental approach presented here, i.e. using targetable
shuttle vectors to generate triplex-forming oligoribonu-
cleotides inside the target cell, opens up an entirely new
and promising avenue to inhibit transcription initiation
of clinically relevant genes.
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Materials and methods

Oligonucleotides and reagents

Non-modified oligoribonucleotides used in triplex blot-
ting experiments were purchased from MWG (Munich,
Germany) and contained the 19-nt TFO with the pyrimi-
dine, parallel-binding CU motif (rCU-TFO 5"UCU CCC
UCU CUC CCA CCU C 3), four different controls
[rGA-control (5GAG GUG GGA GAG AGG GAGA 3,
purine], antiparallel-binding motif), rGU-control(5’GUG
GUG GGU GUG UGG GUG U 3, purine], antiparallel-
binding motif), rCA-control (5CAC ACA CCC AAC
CAC ACC C 3, scrambled sequence)] and a control with
the same sequence as the pyrimidine TFO but con-
taining one mismatch (19CU_M, 5UCA CCC UCU
CUC CCA CCU C 3’). Oligonucleotides for construction
of the TVHygro vector were obtained from MWG.
Oligonucleotides for PCR were purchased from Qiagen
Operon (Cologne, Germany). Restriction enzymes and
buffers used were from MBI Fermentas (St. Leon-Rot,
Germany) if not otherwise stated.

Preparation of radio-labelled double-stranded
MCP-1 promoter fragment and a plasmid containing
the MCP-1 promoter duplex

The duplex DNA used for triplex blotting experiments cor-
responds to the region between bp —76 and bp —38 of the
human MCP-1 promoter (fig. 1A-C). A modified
luciferase pGL3-control vector (Promega, Madison, Wis.)
containing the 39-bp target sequence between HindlIlIl and
Ncol restriction sites [unpublished data] was digested with
the respective restriction enzymes HindlIll and Ncol (New
England Biolabs, Beverly, Mass). The resulting fragment
contained the 39-bp MCP-1 promoter duplex plus 5" over-
hang on each side. The fragment was electrophoretically
fractionated with an 1% agarose gel, excised by a scalpel,
and DNA extracted using the Qiaquick gel extraction kit
(Qiagen, Hilden, Germany). The resulting 5" overhang of
the duplex DNA was end-filled and [a-*?P]-dCTP radio-
labelled using Klenow fragment exo~ (MBI Fermentas) in
the presence of 0.02 mM of dGTP, dATP and dTTP and
1.85 MBq [a-*?P]-dCTP (Amersham Pharmacia Biotech,
Freiburg, Germany). Unincorporated nucleotides were
removed using the Qiaquick nucleotide removal kit (Qia-
gen). In the following, the radio-labelled duplex is referred
to as the ‘39-bp MCP-1 promoter duplex’. Sequences for
the duplex MCP-1_2M containing two mismatches, 5
AGC TTT CCT GCT TGA CTC CGC CCT CTA TCC
CTC GGC CCG CTT TCC 3" and 5" CAT GGG AAA
GCG GGC CGA GGG ATA GAG GGC GGA GTC AAG
CAG GAA 3' (MWG), were annealed in equal amounts
and radio-labelled as described above. The amount of
radio-labelled duplex DNA used in triplex blotting experi-
ments ranged between 3 X 1073 and 0.1 nmol. For labelling
of the plasmid pGL3 control containing the MCP-1 pro-

Inhibiton of MCP-1 expression by TFO vectors

A

-2612/-2603  -152/-144  -96/-90 -88/-79 -69/-63 -64/-59 -38/-33 +1

ﬁNFKB }7%{ GAS }—{ AP-1 H NFxB ]—| AP-1 |sp-1|—| TATA }—1 Exon 1 |

o

5% CTCCgCCCTCTCTCCCTCT 3°
3’ GAGGCGGGAGAGAGGGAGA 5°
-76 -38
c 5 AGCTTTCCTGCTTGACTCCGCCCTCTCTCCCTCTGCCCGCTTTCCCATG 3°
3' TCGAAAGGACGAACTGAGGCGGGAGAGAGGGAGACGGGCGAAAGGGTAC 5°

ok ok ok ok ok ok kK K K K K ko

CUCCACCCUCUCUCCCUCU 5°

D rCU-TFO 3°

5° CACACACCCAACCACACCC 3°
5" GUGGUGGGUGUGUGGGUGU 3°
5" GAGGUGGGAGAGAGGGAGA 3°
5" UCACCCUCUCUCCCACCUC 3°

rCA-control
rGU-control
rGA-control
19CU_M

Figure 1. Structure of the human MCP-1 promoter, TFO target se-
quence in the promoter, sequences of the oligoribonucleotides and
the 39-bp promoter fragment used in this study. The proximal pro-
moter region of the human MCP-1 gene contains putative binding
sites for the transcription factors NF-xB, AP-1 and SP-1, as well as
a TATA box and a GAS (4). A homopurine/homopyrimidine 19-bp
TFO target site was identified at bp —66 to —48, a point of mismatch
is shown by small letters (B). A 39-bp MCP-1 promoter fragment
spanning bp —76 to —38 was obtained by restriction digestion (see
Materials and methods); sequences according to the restriction en-
zymes Hindlll and Ncol which do not belong to the MCP-1 pro-
moter are shown in italics. 5" overhangs due to restriction digestion
were end-filled and radio-labelled using Klenow fragment (C). Five
different 19-nt oligoribonucleotides were designed: TFO as a
pyrimidine oligoribonucleotide binding to the target site in a paral-
lel manner (rCU-TFO), and four 19-nt controls including purine
oligoribonucleotide (rGU-control and rGA-control), a CA oligori-
bonucleotide with scrambled sequence (rCA-control) and a control
which was the same as rCU-TFO but with one mismatch at position
3 (19CU_M) (D).

moter duplex the vector was linearised by Bg/II restriction
digestion. About 100 ng (~3.1 x 103 nmol) was labelled
with Klenow fragment (Fermentas) according to the sup-
plier's protocol.

Triplex blotting

Triplex blotting is a technique described for the detection
of specific RNA molecules capable of triplex formation.
Triplex blots were started by electrophoretic separation of
the 19-nt oligoribonucleotides (fig. 1D) by 7.0 M urea/6%
polyacrylamide gels. Nucleic acids were transferred to
nylon filters (Hybond-N; Amersham Pharmacia Biotech,
Little Chalfont, UK) in a buffer consisting of 17 mM
NaH,PO,, 8 mM Na,HPO,, followed by UV cross-linking
(150 mJ/cm?). Then, filters were pre-hybridised for 1 h at
30° or 37°C in Rapid-Hyb buffer (Amersham) adjusted to
pH 5.5 or 6.7 or in a buffer containing SXNAE (500 mM
sodium acetate, 5 mM EDTA adjusted to pH 5.5 or 6.7),
5% Denhardt’s solution, 1% SDS and 20 pg/ml of salmon
sperm DNA. Following pre-hybridisation, blots were
hybridised overnight with the radio-labelled duplex DNA
containing the target sequence in the same solution at 30°
or 37°C with gentle shaking. Subsequently, filters were
washed twice by shaking in 2x NAE (200 mM sodium
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acetate, 2 mM EDTA pH 5.5 or 6.7) and 0.1% SDS for 20
min at 30° or 37°C. Filters were exposed to Phospho-Im-
ager screens (Fuji, Kanagawa, Japan), visualised using a
Fuji BAS-MS Phospho-Imager (Fuji Imaging) and
analysed by Phospho-Imager software (TINA; Raytest
Company, Straubenhardt, Germany).

Construction of vectors TVHygro-CU, TVHygro-GU
and TVHygro-CA

Transfection vectors were constructed to drive transcrip-
tion of either RNA containing the 19-nt pyrimidine
triplex-forming sequence targeting the MCP-1 promoter
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(CU-TFO) or RNA containing two different 19-nt control
sequences (GU-control or CA-control). The vector
TVHygro was derived from the eukaryotic expression
vector pcDNA3.1/Hygro (Invitrogen, Karlsruhe, Ger-
many) with the sequences spanning the region
1002-2079 deleted by restriction with the enzymes Apal
and Smal. The resulting Apal overhang was end-filled
and the vector religated. Three different DNA sequences
were cloned into the 5” untranslated region of the
hygromycin resistance gene, resulting in the vectors
TVHygro-CU, TVHygro-CA and TVHygro-GU (fig. 2A).
The constructs leading to TVHygro-CU (5GTC GAC

TFO or control sequence

cMv »
Hygromycin

/

TVHygro SVA40pA
-CU/-GU/-CA

A}

5" GTCGACAAGCTTCTCGAGTCTCCCTCTCTCCCACCTCGGATCCCGCGAT 3°
3" CAGCTGTTCGAAGAGCTCAGAGGGAGAGAGGGTGGAGCCTAGGGCGCTA 5°

HindI1I Xhol
RNA: CU-TFO

TVHygro-GU

BamHI

5°..UCUCCCUCUCUCCCACCUC..Hygromycin..3 "

5% AAGCTTCTCGAGACACCCACACACCCACCACGGATCC 3°
3" TTCGAAGAGCTCTGIGGGTGTGTGGGTGGTGCCTAGG 5°

HindI1l Xhol
RNA: GU-control

TVHygro-CA

BamHI

57 ..GUGGUGGGUGUGUGGGUGU..Hygromycin..3”

5" AAGCTTCTCGAGCACACACCCAACCACACCCGGATCC 3°
3" TTCGAAGAGCTCGTGTGTGGGTTGGTGTGGGCCTAGG 5°

HindIII Xhol
RNA: CA-control

BamHI

5°..CACACACCCAACCACACCC. .Hygromycin..3”

Figure 2. Schematic representation of the vector construction. The vector TVHygro was derived from the eukaryotic expression vector
pcDNA3.1/Hygro with the sequences spanning the region 1002—2079 deleted by restriction digestion with the enzymes Apal and Smal.
The resulting Apal overhang was end-filled and the vector religated. TFO-RNA or control-RNA coding sequences were cloned into the 5
untranslated region of the hygromycin resistance gene. Transcription of the TFO/hygromycin and control/hygromycin fusion transcripts,
was driven by the constitutive CMV promoter (4). Vectors were constructed to drive transcription of either a pyrimidine triplex-forming
RNA sequence targeting the MCP-1 promoter (CU-TFO) or two different control sequences (CA-control and GU-control) (see fig. 1D).
The three different constructs which were cloned into TVHygro are shown (B), leading to the vectors TVHygro-CU, TVHygro-GU and
TVHygro-CA. Vector TVHygro without insert was used as a third control vector. HEK 293 cells were transfected with these vectors and
single clones were isolated. Different stable cell lines were generated under continuing selection pressure (250 pg/ml hygromycin).
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AAG CTT CTC GAG TCT CCC TCT CTC CCA CCT
CGG ATC CCG CGA T 3" and 3' CAG CTG TTC GAA
GAG CTC AGA GGG AGA GAG GGT GGA GCCTAG
GGC GCT A 5’) and TVHygro-CA (5" AAG CTT CTC
GAG CACACA CCCAACCACACCCGGATCC3’and
3"TTC GAA GAG CTC GTGTGT GGG TTG GTG TGG
GCC TAG G 5") were digested with the enzymes HindIll
and BamHI, and cloned into TVHygro in Hindlll/BamHI
orientation. The construct leading to vector TVHygro-GU
(5'AAG CTT CTC GAGACA CCCACA CACCCA CCA
CGG ATC C 3'and 3' TTC GAA GAG CTC TGT GGG
TGT GTG GGT GGT GCC TAG G 5') was BamHI and
Xhol digested and cloned into TVHygro in BamHI/Xhol
orientation (fig. 2B). Each of the cloned sequences was
transcribed in line with the hygromycin resistance mRNA
under the control of the constitutive cytomegalovirus
(CMV) promoter, resulting in one fusion transcript. TVHy-
gro served as an additional control vector without insert.

Stable transfection of HEK 293 cells

HEK 293 cells (CRL 1573) were obtained from the
American Type Culture Collection (Manassas, Va.). Cells
for routine culture were maintained in Dulbecco’s modi-
fied Eagle medium (Invitrogen) supplemented with 10%
fetal bovine serum (BioWhittaker, Verviers, Belgium)
and penicillin/streptomycin (Sigma, Deisenhofen, Ger-
many). HEK 293 cells were transfected with the con-
structed vectors TVHygro-CU, TVHygro-GU, TVHygro-
CA or TVHygro (no insert) using Polyfect transfection
reagent (Qiagen) according to the manufacturer's
instructions. Selection of TVHygro-CU, TVHygro-GU,
TVHygro-CA and TVHygro transfectants was carried
out in the presence of 250 pg/ml hygromycin (PAA Lab-
oratories, Colbe, Germany). Single transfectants were
isolated and single-cell clones of each of the transfectants
were expanded under continuing selection pressure.

Cell culture and cytokine treatment

For analysis of cytokine induced stimulation of chemokine-
production, HEK 293 cells were plated in 24-well plates in
medium as described above at a density of 9 x 104, 1.5 x
105 and 3 x 10° cells/well and grown overnight. After 18 h
culture, medium was replaced with 500 pl of fresh medium
per well, and cells were treated with 500 U/ml TNF-a (Bis-
sendorf Peptides, Bissendorf, Hannover, Germany) and/or
1000 U/ml IFN-y (Cell Concepts, Umkirch, Germany) for
24 h. Then, culture media were harvested, centrifuged for 5
min at 12,000 g to remove cell debris and stored at —20°C
until further analysis of secreted proteins by ELISA.

Isolation of nuclei, preparation of RNA

and Northern blot analysis

HEK 293 cells at 90-100% confluence were washed
twice and scraped into ice-cold PBS and pelleted by cen-
trifugation at 500 g for 5 min, 4 °C. Nuclei were isolated
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by lysing the cells in Nonidet P-40 lysis buffer containing
10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl, and
0.5% (v/v) NP-40 for 5 min on ice. Nuclei were pelleted
by centrifugation at 500 g for 5 min, 4°C. After an addi-
tional resuspension in NP-40 lysis buffer, the nuclei were
pelleted by centrifugation again and the supernatant was
discarded. Nuclei were resuspended in glycerol storage
buffer containing 50 mM Tris-HCI, pH 8.3, 40% (v/v)
glycerol, 5 mM MgCl, and 0.1 mM EDTA. Nuclei were
frozen and stored in liquid nitrogen. RNA was isolated
using the Trizol Reagent (Invitrogen) according to the
manufacturer's instructions. For isolation of total RNA,
cells were washed twice in ice-cold PBS and RNA was
isolated according to the Trizol protocol. For Northern
blot analysis, 5 or 10 pg RNA per lane were elec-
trophoresed in a formaldehyde-agarose gel and trans-
ferred to a nylon membrane. Hybridization was per-
formed using a radio-labelled, denatured 522-bp cDNA
probe specific for the hygromycin resistance gene RNA.

Reverse transcription and PCR

First-strand synthesis was done with a ThermoScript RT-
PCR System (Invitrogen) using 1-2 pg RNA. PCR was
performed using Platinum Taq DNA Polymerase (Invitro-
gen). Thermocycler conditions: 94 °C for 2 min followed
by 30 cycles of 94°C for 30 s, 55°C for 30 s and 72°C
for 1 min. The following oligonucleotide primers were
used at a 200 nM final concentration: upstream primer 1
=1CU 5 TCT CCCTCT CTC CCA CCT C 3’, upstream
primer 2 =1GU 5" GTG GTG GGT GTGTGG GTGT 3,
upstream primer 3 = rCA 5" CAC ACA CCC AAC CAC
ACC C 3’ and downstream primer Hygro =5"TCA CGC
CAT GTA GTG TAT 3"

In vitro transcription of single-stranded 1100-nt RNA
containing the 19-nt pyrimidine TFO sequence or con-
trol sequences

The vector segments encoding TFO or control sequences
and an additional part of the hygromycin resistance gene
were amplified by PCR using the upstream primer
fw_TVHygro 5 AGC AGA GCT CTC TGG CTA A 3’
and downstream primer rev_TVHygro 5 TCG GCG
AGT ACT TCT ACA C 3’ at 200 nm final concentra-
tion and Platinum Taq DNA Polymerase. Thermocycler
conditions: 94 °C for 2 min followed by 35 cycles of 94°C
for 30 s, 55°C for 30 s and 72 °C for 1 min. Products were
purified using the Qiaquick PCR Purification kit. The
PCR product was used as template for in vitro transcrip-
tion. Product amplification included the T7 promoter
sequence of the vector. In vitro transcription was
performed with the T7 Ribomax Express Large Scale
RNA Production System (Promega) according to the
supplier’s protocol. Correct sizes (1.1 kb) of the tran-
scribed RNAs were proven by electrophoresis with 1%
agarose gels.
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Magnetic capture of triplex complexes containing
target plasmid and single-stranded RNA transcript
Annealing of the biotinylated oligonucleotide 5" biotin-
GCG CTT CTG CGG GCG ATT TGT GTA CGC CCG
3" (HPCL purified and delivered by MWG) to in vitro-
transcribed RNA (denatured at 90°C for 5 min) was
achieved by mixing 400 pmol RNA with 400 pmol
biotinylated oligonucleotide in annealing buffer (100
mM potassium acetate, 30 mM HEPES, 2 mM magne-
sium acetate, pH 7.4). The reaction was incubated for 1 h
at room temperature. Quantitative annealing of the
oligonucleotide to the single-stranded RNA was con-
firmed by gel electrophoresis through an 1% agarose gel.
The annealing reaction was incubated with 2 g of the
vector pGL3-control (Promega) containing a 39-bp
MCP-1 promoter target sequence. Incubation was
performed in triplex buffer (20 mM Tris-HCL, 1.5 mM
MgCl2, 140 mM KCl, 3% glycerol) for 1-24 h at room
temperature to allow proper triplex formation (pH 7.0).
Small aliquots of each reaction were saved for PCR
analysis to confirm that equal amounts of plasmid had
been used. The reaction was incubated with 100 pl of
streptavidin micro beads (Miltenyi Biotec, Bergisch
Gladbach, Germany) for 5 min at room temperature.
Dilution of the beads in the binding reaction was between
1:2 and 1:10. For magnetic separation, the column (Mil-
tenyi Biotec) was placed in the magnetic field of the
VarioMACS separator (Miltenyi Biotec) and rinsed once
with 250 pl of the equilibration buffer provided by the
manufacturer and three times with 250 pl of triplex
buffer. After that, the binding reaction was applied on top
of the column matrix. The solution passed through the
column by gravity and the magnetically labelled com-
plexes were retained in the column. The column was
rinsed four times with 250 pl of triplex buffer to remove
non-specifically interacting plasmid. For elution, the
column was removed out of the magnetic field and 250 pl
of triplex buffer or H,O was applied directly on top of the
column. Elution and washing fractions were saved for
RNA and PCR analysis. To evaluate the quantity of RNA
which was bound to the micro beads, 40 pl of each frac-
tion was subjected to electrophoresis through a 1%
agarose gel and the relative amount of RNA in the elution
fraction was quantified densitometrically.

Semi-quantitative PCR

To compare the quantity of plasmid bound to control or
TFO-RNA, semi-quantitative PCR was performed using
vector-specific primers. Upstream primer 5’AAGCTTT-
CCTGCTTGACTCC contains the restriction site HindlIIl
(AAGCTT) of the plasmid pGL3 and part of the MCP-1
promoter sequence which was cloned between HindlIl
and Ncol restriction sites. The sequence of the down-
stream primer was 5’AGACCAGTAGATCCAGAGGA,
leading to a PCR product of 658 bp. The template volume
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applied in the PCR was calculated according to the
amount of RNA present in the elution fraction. PCR was
performed using Platinum Taq DNA Polymerase. Ther-
mocycler conditions: 94°C for 2 min followed by 25
cycles of 94°C for 30 s, 55°C for 30 s and 72°C for
1 min.

Determination of MCP-1 and IL-8 protein levels

in the culture medium

Concentrations of secreted chemokines were measured
by ELISA. The human MCP-1 ELISA was performed
with reagents from R&D Systems (Wiesbaden, Ger-
many); IL-8 was determined with the OptEIA human
IL-8 Set from BD Bioscience Pharmingen (Heidelberg,
Germany).

Statistical analysis

A series of eight independently transfected and grown
HEK 293 cell lines were used for the experiments. With
these lines, experiments were performed at least three
times and with respect to the blots depicted, one out of a
series of comparable experiments was chosen. ELISAs
were always done in duplicates and repeated three or more
times. Results are expressed as mean + standard deviation
(SD) and statistical significance calculated by Student’s t
test with significance level given in the respective figure
legend.

Results

Experimental design

The human MCP-1 promoter region contains a TFO
target site consisting of 19 bp, including the binding
motif for SP-1 and a partially overlapping putative AP-1-
binding site. To generate TFOs directly inside the cell, we
reconstructed an expression vector generating single-
strand RNA transcripts, which may act as TFOs and
thereby inhibit MCP-1 expression (fig. 2A). As described
in Materials and methods, we inserted a DNA fragment
coding for a 19-nt parallel-binding CU-TFO into the 5
untranslated region of the hygromycin resistance gene of
the eukaryotic expression vector TVHygro (fig. 2B).

In vitro determination of triple helix formation

by triplex blotting

Our experiments revealed that the synthetic 19-nt CU-
TFO effectively and specifically initiated triplex forma-
tion with the 39-bp MCP-1 promoter duplex (fig. 1C) in
vitro. The capacity of synthetic oligoribonucleotides
(fig. 1D) to bind to the MCP-1 promoter was investigated
by triplex blotting [45] (see Materials and methods).
Here, different concentrations (0.025—1.0 nmol) of the
oligoribonucleotides were electrophoretically fraction-
ated, transferred to a nylon filter, and hybridised with the
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Figure 3. Participation of the pyrimidine CU-TFO in triplex forma-
tion at pH 6.7. The synthetic 19-nt oligoribonucleotides rCU-TFO,
rGU-control and rCA-control (0.025—1.0 nmol) were electrophoret-
ically fractionated through a 6% polyacrylamide gel containing
7 M urea and blotted to a nylon membrane. Hybridisation with the
radioactive-labelled 39-bp MCP-1 promoter duplex (~3x10-3 nmol)
was carried out overnight at 30°C. Hybridisation and stringency
washes were performed at pH 6.7 (4). Concentration-dependent
binding of CU-TFO to the duplex is shown (B).

radio-labelled 39-bp MCP-1 promoter template. Figure
3A demonstrates the predicted and specific detection of
triplex-forming CU-TFO by triplex blotting with a mini-
mum of 0.25 nmol transferred RNA. rCA-control and
rGU-control were not detected by the labelled double-
stranded probe even at the highest concentration (1 nmol),
suggesting that these RNA species are not able to form
triplex structures. Concentration-dependent binding of
the CU-TFO at pH 6.7 is shown in figure 3B. The con-
centration of the 39-bp MCP-1 promoter was calculated
to be 3 x 103 nmol. Under these conditions, binding of
the duplex DNA to the CU-TFO could be observed at
83.3-fold molar excess of the TFO in comparison to the
duplex DNA. Notably, binding of the duplex DNA to the
CU-TFO was more pronounced at low pH (pH 5.5, data
not shown). These results are in agreement with other
investigations (see Discussion), as triplex formation
involving the pyrimidine-binding motif is dependent
on cytosine protonation and is therefore more likely to
occur at low pH. To demonstrate binding specificity
employing the pyrimidine motif, an oligoribonucleotide
with a single mismatch (19CU_M) was tested. Here, a pH
of 5.5 was chosen to perform experiments with the con-

Inhibiton of MCP-1 expression by TFO vectors

rCU-TFO + + + - - - —
rGU-control s 2 = + & 2 o
rCA-control = - e - + " -
rGA-control - - - - - + -
18CU_M L
0.25

Figure 4. Specific binding of the 19-nt CU-TFO to the MCP-1 pro-
moter duplex. Synthetic 19-nt oligoribonucleotides (0.25-1.0
nmol) were electrophoretically fractionated through a 6% polyacryl-
amide gel containing 7 M urea and blotted to a nylon membrane.
Hybridisation with the radioactively labelled 39-bp MCP-1
promoter (~3x103 nmol) was carried out overnight at 37°C.
Hybridisation and stringency washes were performed at pH 5.5 (4).
Hybridisation was performed as described but with a MCP-1
promoter duplex containing two mismatches at position 1 and 8 of
the TFO-binding site (B). Blots were stripped for 1 h at 70°C in
0.5 x NAE (50 mM sodium acetate, 0.5 mM pH 7.5) and reprobed
with the linearised plasmid pGL3 control containing the 39-bp
MCP-1 promoter sequence as described above (C).

trol oligonucleotide under optimal binding conditions for
the pyrimidine motif. Figure 4A demonstrates that the
duplex DNA (~ 3 x 103 nmol) did not bind to 1.0 nmol
19CU_M confirming the sequence-dependent specificity
of triplex formation in this experimental setup. No triplex
formation occurred using the oligo rGA-control, which
represents an antiparallel, purine-binding motif. As a
further control, in figure 4B, we show that a 39-bp MCP-
1 duplex with two mismatches exhibited no interaction
with any of the shown oligos. These results are summa-
rized in table 1. Next, we wanted to exclude that the
observed binding might be due to non-sequence-specific
interactions of the CU-TFO with the duplex DNA. In
principle, binding might occur through D-loop formation
with partial melting of the 39-bp target DNA. Therefore,
a double-stranded plasmid containing the 39-bp MCP-1
promoter duplex as a target was used for hybridisation in
triplex blotting experiments, which drastically reduces
the likelihood of D-loop formation. Figure 4C confirms
the specific binding of the 19-nt CU-TFO to the plasmid-
encoded target duplex (~ 3.1 X 10 nmol), whereas the
control 19CU_M with one mismatch failed to bind to the
target. Interestingly, and as will be discussed below, in
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Table 1. Summary of the analysed oligoribonucleotides and duplexes in triplex blotting experiments.

369

oligo sequence properties motif triplex formation
rCU-TFO 5°UCUCCCUCUCUCCCACCUC parallel, pyrimidine binding motif yes
19CU_M 5°UCACCCUCUCUCCCACCUC 1 mismatch | parallel, pyrimidine binding motif no
rGA-control 5 GAGGUGGGAGAGAGGGAGA anti-parallel, purine binding motif weak binding
rGU-control | 5 GUGGUGGGUGUGUGGGUGU anti-parallel, purine binding motif no
rCA-control 5" CACACACCCAACCACACCC scrambled none no
duplex sequence properties triplex formation
MCP-1 5 AGCTTTCCTGCTTGACTCCGCCCTCTCTCCCTCTGCCCGCTTTCCCATG 3° yes

3" TCGAAARGGACGAACTGAGGCGGGAGAGAGGGAGACGGGCGAAAGGGTAC 5°
MCP-1_2M | 5 AGCTTTCCTGCTTGACTCCGCCCTCTATCCCTCGGCCCGCTTTCCCATG 3° 2 mis- no

3 TCGAAAGGACGAACTGAGGCGGGAGATAGGGAGCCGGGCGARAGGGTAC 5° matches

this experimental setting (pH 5.5), we observed a weak
binding of the antiparallel rGA-control to the target
duplex, indicating a marginal binding affinity.

Determination of nuclear and cytosolic
oligoribonucleotide transcripts

After demonstrating that the synthetic CU-TFO binds in
a sequence-specific fashion to the MCP-1 promoter in
cell-free setups, we verified the presence of the three dif-
ferent intracellular-generated RNA oligonucleotides in
the stably transfected cell lines. Because, on the one hand,
the interfering CU-TFO has to be present in the nuclei to
exert its function and, on the other hand, the template for
the hygromycin resistance protein has to reach the
cytosol, we separately isolated nuclear RNA and total
RNA containing the cytosolic fraction from each cell line
carrying the vectors TVHygro-CU, TVHygro-GU or
TVHygro-CA. Isolated RNA was reverse transcribed and
subjected to PCR. Because the TFO and control sequence
were transcribed in line with the hygromycin resistance
gene as one fusion transcript, RT-PCR was performed using
specific upstream primers for the 19-nt CU-, GU- or CA-
RNA coding sequences and a downstream primer located
within the hygromycin resistance gene. These primer pair
combinations should result in an amplified product of
578 bp in TVHygro-CU and -CA cell lines and 522 bp in
TVHygro-GU cell lines, because different restriction
enzymes were used for the cloning (see Materials and
methods). Figure SA shows that the expected specific
RNA sequence was present in each cell line (lane 1, 4 and
7) in the nuclei. Additionally, figure 5B confirms this
finding when total RNA from the cytosolic fraction was
used as PCR template. Control reactions were performed
without reverse transcription to exclude DNA contami-
nation (lane 2, 5 and 8). To confirm the exclusive pres-

ence of the CU-TFO generated in TVHygro-CU cell
lines and the control RNA generated in TVHygro-CA and
-GU cell lines, control reactions were performed using
the primer pair for CU-TFO detection with the two con-
trol RNA templates, and the primer pair for the control
RNA for the CU-TFO extract. Excluding vector cross-
contamination, no PCR product was detectable in the
respective samples (see lane 3, and lanes 6 and 9, fig. 5A,
B). That different RNA species were synthesised in equal
amounts in each cell line was shown by Northern blot
analysis with a specific 522-bp antisense probe for the
hygromycin resistance gene mRNA (fig. 5C).

Magnetic capture of triplex complexes

The predicted CU-TFO produced inside the cells is a
fusion transcript of the 19-nt triplex-forming sequence
and the messenger RNA of the hygromycin resistance
gene. Therefore, we established an in vitro experiment to
demonstrate that not only a synthetic 19-nt CU-TFO but
also the large single-stranded RNA fusion transcript
containing the CU-TFO binds to the MCP-1 promoter
duplex in a sequence-specific manner. The RNA tran-
scripts of the different vectors, TVHygro (without insert),
TVHygro-CU, -CA and -GU, were generated by in vitro
transcription using T7 polymerase. Transcripts with a
length of about 1.1 kb contained the TFO or control
sequence plus the hygromycin resistance gene mRNA.
Integrity of the in vitro transcripts is shown in figure 6A.
Then, the transcribed RNA was annealed to a biotinylated
oligonucleotide in equimolar amounts and triplex for-
mation was performed as described in Material and meth-
ods. Important to note is that triplex formation was
carried out using the 39-bp MCP-1 target promoter
duplex integrated in the pGL3 plasmid rather than using
just the short duplex which served as a TFO template in
figures 3, 4A and 4B. The results in figure 4C clearly
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Figure 5. Presence of CU-TFO, GU-control and CA-control in the
nuclei of stably transfected HEK 293 cells. RNA from cell nuclei
was isolated as described in Materials and methods from each cell
line, TVHygro-CU, TVHygro-GU and TVHygro-CA, and reverse
transcribed. RT-PCR was performed using a specific upstream
primer located in the 19-nt TFO and control RNA coding sequence,
and a downstream primer located in the hygromycin resistance
gene. The calculated lengths of the amplified products were 578 bp
(CU-TFO and CA-control) and 522 bp (GU-control). RT-PCR
products were electrophoretically fractionated through a 12.5% na-
tive polyacrylamide gel (4). Total RNA was isolated from each cell
line and reverse transcribed. RT-PCR was carried out as described
and products were electrophoretically fractionated through a 1%
agarose gel (B). Lane 1, product CU-TFO; lane 4; product GU-con-
trol; lane 7; product CA-control; lane 2, 5 and 8; control reactions
without reverse transcription to exclude DNA contamination; lane
3; control reactions with primer pair combination specific for GU-
control; lane 6 and 9; control reactions with primer pair combina-
tion specific for CU-TFO. For Northern blot analysis, 5 or 10 ug
RNA per lane was electrophoresed through a formaldehyde-agarose
gel and transferred to a nylon membrane. Hybridisation was per-
formed using a radio-labelled, denatured cDNA-probe specific for
the hygromycin resistance gene RNA (C).

demonstrate that this plasmid was able to recognise and
bind to 19-nt oligoribonucleotide in a sequence-specific
manner via triplex formation. To mimic and estimate the
likelihood of specific triplex formation under intra-
nuclear conditions, we quantified the actual triplex-
dependent enrichment of bound plasmid to the different
large RNA fusion transcripts via PCR. For a specific
detection, the upstream primer was set at the MCP-1 pro-
moter target site and the downstream primer was specific
for the pGL3 vector leading to a PCR product of 658 bp.
The triplex complexes or control reactions were captured

Inhibiton of MCP-1 expression by TFO vectors

via the annealed and biotinylated RNA onto strepta-
vidin-coated magnetic beads and applied to separation
columns inside a magnetic field. To remove unbound
RNA and plasmid, four washing steps were performed
using the triplex binding buffer and in a final step, the
complexes were eluted. Each fraction was saved for
RNA and PCR analysis. In figure 6B, the binding of the
large RNA fusion transcript to the beads is shown (lane
F) and the relative amount was quantified densito-
metrically. To allow quantitative comparison of bound
plasmid to CU-TFO versus control sequence-containing
large transcripts, the PCR analysis was normalised to
the amount of RNA in the elution fraction (factor 6.78).
Figure 6C clearly indicates a specific triplex-dependent
enrichment of the plasmid with the MCP-1 promoter
target via 1.1-kb single-stranded RNA transcripts
containing the specific CU-TFO rather than controls
with no insert, GU or CA sequences. When summaris-
ing results of three independent experiments, the
efficacy of the CU-TFO to form triplexes was three
times stronger (fig. 6D).

Specific inhibition of basal and cytokine-stimulated
MCP-1 gene expression

Our next aim was to analyse the effects of intracellular-
generated CU-TFO versus control RNA on endogenous
MCP-1 gene expression. We especially wanted to answer
the question whether the TFO-based antigene strategy is
limited to the target gene and effective also with different
known stimuli of MCP-1 protein expression. Non-stimu-
lated HEK 293 cells produced low basal amounts of
MCP-1 in culture. HEK 293 cell lines TVHygro-CU,
releasing CU-TFO, and control cell lines, releasing
control RNA (GU-control, CA-control or RNA without
insert derived from vector TVHygro) were plated in
24-well plates at a density of 1.5 x 10° cells/well and
cultured for 24 h in the absence or presence of 500 U/ml
TNF-a. To perform statistical analysis, a series of 13
independent experiments with six different stably trans-
fected cell lines generating intranuclear CU-TFOs was
carried out, and we measured a mean inhibition of 76 +
10.2% of MCP-1 protein secretion after TNF-a stimula-
tion as compared to measurements in two control cell lines
(n=7). The basal MCP-1 protein secretion in unstimulated
TVHygro-CU cell lines was reduced by 58 = 13.1% (n=13,
six cell lines) in comparison to non-stimulated control cell
lines. Extending these results, inhibition of MCP-1 protein
secretion was analysed in IFN-y-stimulated cell lines to
evaluate the influence of other involved transcription
factors on TFO binding. One typical result is shown in
figure 7. IFN-y-induced MCP-1 expression was inhibited
by 83% in CU-TFO-releasing cell lines. Combined stimu-
lation with IFN-y and TNF-a resulted in enhanced MCP-1
protein secretion in HEK 293 cell lines in comparison to
single cytokine stimulation, suggesting an additive effect.
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Figure 6. Binding of the in vitro-transcribed 1.1-kb CU-TFO to a plasmid-encoded 39-bp MCP-1 promoter duplex. Vector sequences in-
cluding the T7 promoter and the TFO or control coding sequences were amplified by PCR and used as templates for in vitro transcription.
Estimated sizes of transcribed RNA due to the transcriptional start site at the T7 promoter: 1142 bp (transcript from vector TVHygro with-
out insert), 1149 bp (CU-TFO and CA-control) and 1111 bp (GU-control). Concentration and quality of the RNA was analysed by elec-
trophoresis through a 1% agarose gel before each individual experiment (4). Biotinylated RNA transcripts were incubated with the plas-
mid pGL3 control containing the 39-bp MCP-1 promoter duplex to allow triplex formation. The RNA was magnetically labelled using
streptavidin micro beads and the magnetic separation was performed as described in Materials and methods. All washing and elution frac-
tions were collected and 40 pl of each fraction was subjected to electrophoresis through a 1% agarose gel. The relative amount of in vitro
transcribed control or TFO bound to the beads in the elution fractions (6.78:1, respectively, see lane F) was quantified densitometrically
(B). The amount of plasmid bound to the transcribed RNA (control or TFO) in each elution fraction (lane F) was compared by PCR (C).
The elution fractions subjected to PCR were diluted in the same ratio as the RNA present in these fractions. 1, reaction without biotiny-
lated RNA; 2, control; 3, TFO. Relative binding of CU-TFO to the plasmid — encoded MCP-1 promoter duplex was demonstrated in three
independent experiments, using in vitro-transcribed controls without insert or with GU or CA sequences, respectively (D). Lane A, sam-

ple; lanes B-E, wash; lane F, elution

MCP-1 protein secretion was inhibited up to 88% in
co-stimulated CU-TFO-generating cells in comparison to
control cells. To further confirm that the inhibition of
MCP-1 protein secretion indeed represents a gene-specific
effect, HEK 293 cell lines were plated in 24-well plates at
different cell densities of 9 x 104, 1.5 x 10°, and 3 x 10°
cells/well and cultured for 24 h in the absence or presence
of 500 U/ml TNF-a. In addition to MCP-1, the release of
the chemokine IL-8 was determined by ELISA. Also, in
this experimental series, a marked reduction of MCP-1
protein secretion by up to 85% became apparent in the
TNF-o~stimulated TVHygro-CU-transfected cell line
when compared to the control vector-transfected cell line
(fig. 8A). Analysing these supernatants for IL-8 protein se-
cretion by ELISA, no inhibition of IL-8 protein secretion
could be shown in CU-TFO-releasing cells, indicating that
there was a sequence-specific inhibitory effect of CU-TFO
only at the MCP-1 promoter site, whereas IL-8 as a suitable
TNF-a-inducible control gene was not affected at all
(fig. 8B).

Discussion

In this report, we demonstrated that pyrimidine triplex-
forming RNA sequences generated within HEK 293 cells
by specific expression vectors are effective in inhibiting
the transcription of the human MCP-1 gene. As shown
before, MCP-1 protein secretion could be induced by pro-
inflammatory cytokines like TNF-a, IFN-y and IL1-f in
these cells [44]. A pyrimidine motif carrying TFO was
chosen because triplex formation is unlikely to occur in
the purine motif with RNA binding to a DNA duplex
(RNA*DNA:DNA) [46, 47]. Furthermore, the formation
of undesired structures which compete for triplex forma-
tion is reduced with a pyrimidine oligoribonucleotide
[48]. The 19-bp target sequence is located in the promoter
region of this gene and encompasses binding sites for the
transcription factors SP-1 and AP-1. We showed specific
binding of the 19-nt CU-TFO to the MCP-1 promoter tar-
get site in vitro at pH 6.7. Next, we have proven that the
1.1-kb TFO/hygromycin fusion transcript binds to the
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Figure 7. Inhibition of MCP-1 expression by intracellular generated
CU-TFO in HEK 293 cells. Stably transfected HEK 293 cell lines
generating CU-TFO or control RNA were plated in 24-well plates
at a density of 3x10° cells/well and cultured for 24 h in the presence
of 500 U/ml TNF-a, 1000 U/ml IFN-y or TNF-a and IFN-y
together as indicated. At the end of incubation, culture supernatants
were harvested and MCP-1 concentrations determined by ELISA.
One experiment of three with similar results is shown. Cell culture
was performed in triplicate, the error bars indicate the SD and ***
a significance level of p<0.001 as determined by an unpaired
Student t test.

MCP-1 promoter duplex at pH 7. We showed this by a
newly developed technique measuring the relative bind-
ing of the plasmid-encoded MCP-1 promoter duplex to
the TFO/hygromycin fusion transcript in comparison to
control transcripts via magnetic separation of the triplex
complexes. As shown, the binding of the specific
TFO/hygromycin fusion transcript to the plasmid-embed-
ded MCP-1 promoter duplex was three times more effi-
cient than the binding of control RNA. We confirmed that
TFO or control transcripts are present in the nucleus, the
site of triplex formation. Finally, we demonstrated a
highly effective and specific inhibition of MCP-1 protein
secretion as compared to IL-8 in cytokine-stimulated
cells which express the CU-TFO unlike cell lines carry-
ing control vectors. These results proof that the triplex
formation we observed in cell-free experiments was read-
ily transferable to intact target cells by using RNA TFO-
expressing vectors and led to a functional blockade of the
target gene.

The potential of ribonucleotide sequences to form
triplexes is supported by several in vitro studies [46, 49,
50]. We verified the binding of a 19-nt CU oligoribonu-
cleotide to the MCP-1 promoter duplex and the formation
of a triplex structure by triplex blotting. While a mis-
match at position 15 (C/G inversion) was tolerated well in
our triple helix motif without adverse effects on TFO
binding, we observed no triplex formation using an olig-
oribonucleotide with CA base composition in a scram-
bled order (rCA-control) or using an oligoribonucleotide
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Figure 8. Sequence-specific inhibition of MCP-1 protein secretion.
Stably transfected HEK 293 cells generating CU-TFO and control
RNA were plated in 24-well plates at densities of 9x10%, 1.5x103
and 3x10° cells/well and cultured for 24 h in the absence or pres-
ence of 500 U/ml TNF-a. At the end of the incubation time, culture
supernatants were harvested and MCP-1 (4) and IL-8 concentra-
tions (B) were determined by ELISA. One experiment representa-
tive of three independent experiments is shown; cell culture was
performed in quadruplicate, the error bars indicate the SD.

in the purine-binding motif (rGU-control). However, a
weak binding of the GA sequence to the plasmid-encoded
MCP-1 promoter target duplex occurred. Because the
TFO sequence contains a symmetric sequence in the
length of 11 nt (5 ucuCCCUCUCUCCCaccuc 3’), a
short double helix might form between CU-RNA and the
GA-rich strand of the MCP-1 promoter instead of a
triplex structure. Therefore, the binding capacity of a
TFO sequence containing only one mismatch which did
not interrupt the symmetric structure (5 ucaCCCUCU-
CUCCCaccuc 3’, mismatch underlined) was tested. Here,
an antisense double helix might still be possible but
triplex formation should be less favourable. Our data
clearly show that no binding occurred using this kind of
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control, indicating that the observed binding indeed must
represent triplex formation. Another control employed
consisted of a duplex DNA containing two mismatches,
which did not bind to the TFO. This finding represents a
strong argument that the binding of the RNA TFO shown
here is not a result of unspecific duplex/oligo interaction.
A few studies have been published which excluded the
possibility that purine oligoribonucleotides (ORNs) form
triplex structures with duplex DNA [47], but more
recently Cogoi et al. [51] convincingly demonstrated
triplex formation using CU, GU and, GA oligoribonu-
cleotides. In the latter publication, these ORNS led to 38,
40 and 47% inhibition of c-Ki-ras promoter activity,
respectively, when generated in HEK 293 cells intracellu-
larly. Based on these promising results, interest is grow-
ing in developing methods to produce repressor RNA
transcripts inside the target cell in vivo [51, 52]. Another
strategy was discussed by Datta and Glazer [53]. They
tested a vector system for the production of single-
stranded DNA to serve as a TFO in mouse cells and
assayed TFO-induced recombination, but no inhibition of
endogenous gene expression was measured.

Rininsland et al. [54] described the specific suppression
of IGF-1 receptor gene expression in rat glioblastoma
cells in culture as well as in animals by using a plasmid-
encoded homopurine (AG) RNA effector sequence. They
showed that this RNA TFO formed a triple helix with the
target DNA, whereas a homopyrimidine RNA sequence
had no effect. Shevelev et al. [55] demonstrated tumour
growth inhibition in an animal model employing a
eukaryotic expression vector encoding a purine GA-TFO
corresponding to the IGF 1 gene. Additionally, an
antiparallel GA oligoribonucleotide binding to the rat al
() procollagen promoter inhibits procollagen gene tran-
scription [56]. Here, the authors demonstrated inhibition
of gene transcription by in vitro transcription runoff
experiments. Overall, while all these studies suggested
that triplex formation inside the cell nuclei led to the
observed inhibitory effect, no clear experimental proof
has been delivered. Our data, however, clearly show that
the CU sequence was capable of triplex formation with
the target duplex at the human MCP-1 promoter not only
with a short target duplex in triplex blots but, moreover,
even when expressed within a large transcript and with
the target duplex embedded in a complete plasmid.
Pyrimidine-rich triplex-forming oligoribonucleotides
have a considerably higher binding affinity to the duplex
DNA in comparison to their triplex-forming DNA
oligonucleotide counterparts [50], but triplex formation
alongside the pyrimidine-binding motif typically requires
mildly acidic conditions to protonate cytosines. Several
potential cytosine analogues like 8-oxoadenine deriva-
tives exist which can overcome the need for cytosine
protonation [57, 58]. On the other hand, Soukup et al.
[59] selected RNA transcripts which all contained a
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pyrimidine recognition sequence and were able to bind to
the target duplex between pH 6.5 and pH 7.4. Noonberg
et al. [52] suggested that the high concentration of a
triplex RNA oligonucleotide, which is generated in the
nucleus in vast excess over its DNA duplex target may
drive triplex binding to a critical element on a gene
promoter, and block subsequent gene expression. The pH
within the cell is different for various organelles, and
compartments of the biosynthetic pathway are described
to have a neutral pH, endosomes are slightly acidic (pH
6.2) and lysosomes range between pH 4.8 and 5.2 [60].
Llopis et al. [61] detected a pH of 6.58 for the trans-Golgi
network, a major sorting site for newly synthesised
molecules. In the magnetic capture assay, we could verify
triplex formation at pH 7 using the 1.1-kb fusion
transcript, which might be comparable to the pH in the
cellular situation.

With respect to the functional antigene activity, we have
successfully developed a vector-mediated synthesis of
pyrimidine triplex-forming RNA species inside HEK 293
cells leading to up to 88% inhibition of TNF-a and
IFN-y co-stimulated MCP-1 protein secretion. Vector
constructs used for transfection to generate stable cell
lines had to cross the plasma membrane, move through
the cytoplasm, and be transported into the nucleus before
any transcription of their encoded genes can take place.
The intracellular trafficking and cytoplasmatic transport
of plasmid DNA is reviewed by Zhou et al. [62]. Here,
transcription of the TFO-coding sequence was driven
together with the hygromycin resistance gene as one
fusion transcript from the constitutive CMV promoter.
We have confirmed the presence of each of the intracel-
lularly generated CU-, GU-, and CA-RNA sequences in
the nucleus and the cytosolic fraction by RT-PCR, leading
to the conclusion that the vector constructs successfully
entered the nucleus. Furthermore, the transcript was
sufficiently stable: the RNA was translocated into the
cytosol, where it was translated into protein and enabled
stably transfected HEK 293 cells to be cultured under
continuous hygromycin selection pressure. The evidence
of transcription and the cell culture conditions show that
the vector constructs reached the nucleus where the
action of TFO binding to the endogenous MCP-1 pro-
moter target sequences takes place. No quantitative
experiments were performed to evaluate the exact copy
numbers or concentration of expressed transcripts, which
might be possible by nuclear runoff assays.

In direct comparison with our previous data [44], this
investigation convincingly shows that vector-mediated
delivery of triplex-forming RNA sequences is much more
efficient than adding DNA TFOs against the human
MCP-1 extracellularly, which led to only 45% inhibition
of gene expression. A 76-88% inhibition was reached
here with an intracellular-generated CU triplex RNA
sequence. To exclude the possibility that the TFO inhib-
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ited MCP-1 expression by affecting TNF-a signalling, we
evaluated whether the TFO interfered with the expression
of IL-8, which is also induced by TNF-a. In samples
identical to those with the measured reduction of MCP-1
secretion, we found no reduction of IL-8 protein secre-
tion. Again, the control GU and CA sequences had
neither an effect on IL-8 protein secretion nor on MCP-1
protein secretion. Binding of the CU-TFO to the MCP-1
RNA appears to be unlikely, because there is no matching
sequence in the MCP-1 RNA for stable duplex formation
with the TFO; thus an ‘antisense’ effect could also be
excluded.

The inhibitory effect of the TFO is more pronounced in
TNF-a-stimulated HEK 293 cells than in unstimulated
cells (76% versus 53%, respectively), leading to the
question of accessibility of chromosomal DNA targets to
TFOs. Macris and Glazer [63] detected binding of TFOs
to a chromosomal site even in the absence of transcription
when high concentrations of the TFO were used for trans-
fection, demonstrating that transcription at a chromoso-
mal site increased duplex site accessibility to the TFO.
Comparably, our data suggest that induction of transcrip-
tion enhanced TFO binding to the MCP-1 promoter target
site resulting in a stronger inhibitory effect of MCP-1
expression.

In summary, these data strongly suggest that a specific
RNA TFO inhibited MCP-1 expression by a triplex-
mediated blockade of transcription and, moreover, that
this can be achieved by transfectable shuttle systems.
Unlike siRNAs and antisense oligonucleotides which
have to deal with a high number of mRNA targets,
triplex-forming  oligonucleotides selectively inhibit
expression of specific genes directly. Released from
transfectable RNA vectors they only have to reach the two
alleles of the gene, which opens the perspective for a
longer-lasting pharmacologic effect. Recently developed
siRNA-generating vector systems are also suitable for
generating RNA TFOs in vivo. Combining these
improved expression vectors with our knowledge of
hundreds of suitable TFO targets in the mammalian
genome indicates that the intracellular TFO delivery
technique may be developed to a successful gene thera-
peutic approach.
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