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ABSTRACT

The c-myc  oncogene is one of the most commonly
malfunctioning genes in human cancers, and is an
attractive target for anti-gene therapy. Although syn-
thetic oligonucleotides designed to silence c- myc
expression via one of its major control elements
function well in vitro , their mode of action has been
indefinite. Here we show that the targeted control
element adopts an intrastrand fold-back DNA tetra-
plex, which requires potassium ions for stability in
vitro . We believe formation of the tetraplex is important
for c -myc  activation in vivo , and propose a transcrip-
tion initiation mechanism that explains how anti-gene
therapy silence c- myc  at the molecular level.

INTRODUCTION

The myc family of oncogenes encodes phospho-proteins that
activate genes, which force cell growth forward. Normally the
human c-myc gene is tightly regulated and alterations in its
expression is a key step in the progression of many cancers. It is
overexpressed in a variety of malignancies including lymphomas,
leukaemias, and lung, cervical, ovarian, breast and gastric cancers
(1). The oncogenic properties of c-myc arise from phenomena
such as gene amplification  (2), chromosomal translocation (3),
retroviral transduction (4) and proviral insertion (5). Irrespective
of how c-myc acquires oncogenic properties, mechanisms behind
deviant c-myc transcription are obscured by the fact that the gene
utilises four promoters (6). There is, however, a major control
element of the human c-myc oncogene, located (–115) – (–142)
bp upstream of the c-myc promoter P1. This element, which
corresponds to bases 2186–2212 in the sequence of the human
c-myc locus (7), is termed nuclease-hypersensitive element III1
(NHE) (8) and accounts for 75–85% of total c-myc transcription
(9,10). The NHE has an unusual strand asymmetry; one strand is
an almost perfect homopyrimidine tract and the other is a
homopurine tract.

A clue to c-myc activation came from the observation that its
transcription could be selectively blocked by an oligonucleotide
targeted to a nuclease-hypersensitive element upstream of
promoter P1 (11). A synthetic 27-base-long oligonucleotide,

complementary to the coding strand of the c-myc gene targeted to
the NHE, was first found to inhibit specifically c-myc transcrip-
tion in HeLa cell extracts. The same oligonucleotide was later
shown to inhibit c-myc transcription in live HeLa cells (12) and,
when conjugated to acridine, it exhibited a similar effect on other
cell lines where c-myc is overexpressed (13). The mechanism
suggested has been that the oligonucleotide binds to the NHE,
forming a purine–pyrimidine–purine triplex that interferes with
the binding of transcription factors (11). However, purine–
pyrimidine–purine triplexes require 5–20 mM magnesium, and
attempts to substantiate the existence of such triplexes at
physiological conditions have failed (14).

Characterisation of the NHE in vitro has revealed that it is
involved in a slow equilibrium between a traditional helix
structure and a stable, atypical structure that is sensitive to S1
nuclease (15). It has been proposed that the NHE adopts a tandem
H-DNA structure which involves two intramolecular pyrimi-
dine–purine–pyrimidine triplexes, and it was speculated that
c-myc is activated by transcription factors that recognise this
highly unusual structure (16). Intramolecular pyrimidine–
purine–pyrimidine triplexes have been extensively studied in
vitro. Although low pH and negative superhelicity favour them,
they are essentially independent of ionic composition (17).

The two models both assume that triplex formation in the NHE
regulates c-myc transcription. One posits a purine–pyrimidine–
purine triplex that requires high magnesium concentrations, and
the other postulates pyrimidine–purine–pyrimidine triplexes that
require low pH. Consequently, neither is likely to form in live
cells and our objective here is to characterise the NHE under
physiological conditions.

MATERIALS AND METHODS

Plasmid DNA

The 2776 bp plasmid containing the NHE, pNHE, was con-
structed by cloning the 105 bp AciI/XmaI restriction fragment of
the c-myc promoter sequence into the AccI/XmaI site of pUC18.
The clone was transformed into Escherichia coli DH5α cells and
spread on agar plates, colonies were grown in LB medium, and
subject to flow column purification (Qiagen). The insert was
verified on an A.L.F. DNA sequencer (Pharmacia), and by unique
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linearisation from Tth111I restriction cleavage. Restriction en-
zymes were from New England Biolabs, except for AccI and
Tth111I, which was from Promega.

Synthetic oligonucleotides

The purine-rich 27-base-long oligonucleotide PU27 corresponds
to the NHE sequence 5′-TGG GGA GGG TGG GGA GGG TGG
GGA AGG-3′. Its complement, the pyrimidine-rich PY27, has
the sequence 5′-CCT TCC CCA CCC TCC CCA CCC TCC
CCA-3′. Synthetic oligonucleotides were 1 µmol-syntheses from
Eurogentec. All oligonucleotides were purified by denaturing gel
electrophoresis prior to use. Radiolabelling in the 5′-end was done
with [γ-32P]dATP and T4 polynucleotide kinase, and 3′-end
radiolabelling was carried out using [α-32P]ddATP and terminal
deoxynucleotidyl transferase. Enzymes were from Promega and
32P-nucleotides were from Amersham.

Primer extension

Primer extension reactions were performed using Klenow
fragment (Promega) and pNHE as template. The primer 5′-GTC
ATA GCT GTT TCC TGT GT-3′ was used to extend the
homopurine strand of the NHE.

Chemical probing

Guanine specific probing was performed for 5 min in 0.5%
dimethyl sulphate (Fluka), adenine specific reactions were
performed for 15 min in 2% diethyl pyrocarbonate (Aldrich), and
thymine specific modification was performed for 15 min in 1 mM
osmiumtetroxide (Fluka)-bipyridine (Sigma). All reactions were
done at 37�C and followed by piperidine (Sigma) cleavage and
extensive lyophilisation. Analyses were performed on 12%
polyacrylamide gels (19:1 mono:bis) under standard denaturing
conditions.

Gel electrophoresis

Acrylamide solutions and ammonium persulfate were from
BIORAD, TEMED was from Fluka, TRIS was from Amresco,
boric acid was from J.T.Baker, and EDTA was from Merck.
Agarose was SeaPlaque from FMC. Lithium-, sodium-, potas-
sium-, rubidium- and cesium-chloride were from Sigma. Native
polyacrylamide gel electrophoresis was performed on 0.4 mm-
thick 20% polyacrylamide gels (19:1 mono:bis) at 4�C and 8 W
for 8 h. Agarose gel electrophoresis was performed in a 2%
agarose gel at 4�C and 20 V/cm for 30 min. In all native gel
electrophoresis experiments both gel and buffer contained 0.5
TBE and 12.5 mM each of NaCl and KCl.

RESULTS

We performed primer extension experiments with the non-coding
homopurine strand of pNHE as template (Fig. 1A). The
experiment was repeated 12 times which unanimously gave the
same result: there was a potassium-dependent DNA synthesis
arrest at the location of the NHE. We ascribe the arrest in DNA
synthesis to the formation of a potassium-dependent compact
structure in the template strand. The structure is exceedingly
stable: not even after 90 min was an appreciable fraction of the
template elongated beyond the arrest site (Fig. 1B).

Figure 1. (A) Polyacrylamide gel electrophoresis shows that DNA synthesis
arrest depends on the presence of potassium ions in primer extension reactions.
Primer extension was performed in: lane 1, 100 mM LiCl; lane 2, 100 mM
NaCl; lane 3, 80 mM NaCl/20 mM KCl; lane 4, 60 mM NaCl/40 mM KCl; lane
5, 40 mM NaCl/60 mM KCl; lane 6, 20 mM NaCl/80 mM KCl; lane 7, 100 mM
KCl; lane 8, 100 mM RbCl; lane 9, 100 mM CsCl. Lanes 10, 11, 12 and 13 are
ddNTP reactions specific for bases C, T, G and A, respectively.
(B) Polyacrylamide gel electrophoresis shows the time-dependence of the
DNA synthesis arrest in the presence of 100 mM potassium. Primer extension
was run for: lane 1, 1 min; lane 2, 5 min; lane 3, 15 min; lane 4, 30 min; lane
5, 90 min. Lanes 6, 7, 8 and 9 are ddNTP reactions specific for bases G, A, C
and T, respectively. The supercoiled pNHE used as template in both (A) and
(B) was pre-incubated at 37�C for 48 h with the same alkali ions that were
present during primer extension.

To characterise the structure of the NHE in detail, we used the
purine-rich PU27, and its complement PY27. When PU27 was
pre-incubated in presence of potassium ions, it gave rise to two
bands in native polyacrylamide gels (Fig. 2A). One band has the
expected electrophoretic mobility of an unstructured oligonu-
cleotide, while the other has a higher mobility. The PU27 that was
pre-incubated in presence of sodium ions, or any other alkali ion
(data not shown), displayed only the single band corresponding
to an unstructured oligonucleotide.

The oligonucleotide of higher mobility was characterised by
chemical probing with various base-specific reagents (Fig. 2B
and C). The probing was repeated seven times and the pattern was
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Figure 2. (A) Polyacrylamide gel electrophoresis of 5′-radiolabelled PU27. The PU27 was pre-incubated at 37�C for 48 h in presence of: lane 1, no alkali ions; lane
2, 100 mM NaCl; lane 3, 20 mM KCl/80 mM NaCl; lane 4, 40 mM KCl/60 mM NaCl; lane 5, 60 mM KCl/40 mM NaCl; lane 6, 80 mM KCl/20 mM NaCl; lane 7,
100 mM KCl. An additional band of higher electrophoretic mobility can be seen for samples incubated in the presence of potassium ions. Occasionally, weak, slow
migrating bands were also seen; we believe these are two- and four-stranded guanine tetraplex structures (24). (B) Chemical probing of 5′-radiolabelled PU27. Bands
of both normal and higher mobility were excised from the gel shown in (A). The oligonucleotides were electroeluted, subject to the chemical probes
osmiumtetroxide-bipyridine (thymine-specific), diethylpyrocarbonate (adenine-specific) and dimethylsulphate (guanine-specific), and analysed by denaturing
polyacrylamide gel electrophoresis: lane 1, unmodified PU27 of normal mobility; lane 2, osmiumtetroxide-bipyridine modified PU27 of normal mobility; lane 3,
osmiumtetroxide-bipyridine modified PU27 of higher mobility; lane 4, diethylpyrocarbonate modified PU27 of normal mobility; lane 5, diethylpyrocarbonate
modified PU27 of higher mobility; lane 6, dimethylsulphate modified PU27 of normal mobility; lane 7, dimethylsulphate modified PU27 of higher mobility. (C) The
same general procedure as in (B), except that PU27 was 3′-radiolabelled.

always the same: the four contiguous stretches of guanines,
G2–G4, G7–G9, G16–G18 and G21–G23, were protected from
dimethylsulphate modification, which is evidence that they
engage in tight stacking and base pairing. The adenines A6 and
A15 and the thymines T10 and T19 are partly protected from
diethylpyrocarbonate and osmiumtetroxide-bipyridyl modification,
suggesting that they may too participate in tight interactions. The
bases G5, G11–G14 and G20 are more susceptible to dimethyl-
sulphate, which means they should not be involved in tight
interactions. The end-most thymine T1 and the protruding 3′
sequence …-A24-A25-G26-G27 display no significant
differerences to chemical probes when comparing the oligo-
nucleotide of higher mobility and the unstructured form.

The PU27 has the same sequence as the oligonucleotide
previously shown to selectively repress c-myc transcription (11).
To test how potassium ions influence the interaction of PU27 with
the NHE, we pre-incubated pNHE in either 100 mM potassium
or sodium, and then mixed it with either radiolabelled PU27 or
PY27 (Fig. 3). The PU27, but not its complement PY27,
co-migrated with the plasmid when it had been pre-incubated

with potassium ions. Neither of the oligonucleotides co-migrated
with the plasmid when it had been pre-incubated with sodium
ions. There is a prominent sequence specific interaction between
the NHE and PU27 that requires potassium ions.

DISCUSSION

In our primer extension experiments, the enzyme activity does not
depend on the nature of the monovalent cation and we ascribe the
arrest in DNA synthesis to the formation of a potassium-depend-
ent compact structure in the template strand. Similar observations
have previously been made for related sequences (18).

The only known DNA structure that is both specifically
stabilised by potassium ions and exceedingly stable is the DNA
tetraplex (19). DNA tetraplexes are built up from guanine tetrads
that arise from the association of four guanines in a cyclic
Hoogsteen hydrogen-bonding arrangement that involves N1, N7,
O6 and N2 of each guanine base. Intrastrand fold-back DNA
tetraplexes are formed in regions with four runs of at least two
contiguous guanines interspersed by two or more bases; they are
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Figure 3. Gel electrophoresis showing that PU27 is specifically retarded when
pNHE has been pre-incubated in the presence of potassium ions. Radiolabelled
oligonucleotides were mixed with pNHE pre-incubated at 37�C for 48 h in the
presence of either sodium or potassium ions. Lane 1,  PU27/pNHE pre-incu-
bated in 100 mM NaCl; lane 2, PY27/pNHE pre-incubated in 100 mM NaCl;
lane 3, PU27/pNHE pre-incubated in 100 mM KCl, lane 4, PY27/pNHE
pre-incubated in 100 mM KCl; lane 5, PU27/pUC18 pre-incubated in 100 mM
KCl.

stabilised by the binding of monovalent cations, particularly
potassium, in the cages formed by stacking of guanine tetrads.
The sequence motif required for intrastrand fold-back DNA
tetraplex formation can be written GxNy1GxNy2GxNy3Gx, where
x is the number of guanine tetrads and y1, y2, and y3 are the loop
lengths. Such sequences can be found in the telomeres (20), the
immunoglobulin switch regions (21), the control region of the
retinoblastoma susceptibility gene (22), and upstream of the
insulin gene (23). A further characteristic of more compact
structures such as intrastrand fold-back DNA tetraplexes is high
electrophoretic mobility (24).

The NHE central region has the necessary motif to form an
intrastrand fold-back DNA tetraplex, and its sequence can be
written G3N2G3N6G3N2G3. The modification pattern from
chemical probing of the band of higher electrophoretic mobility
is consistent with an intrastrand fold-back DNA tetraplex
structure where G2–G4, G7–G9, G16–G18 and G21–G23 form
three planes of guanine tetrads (Fig. 4). These tetrads presumably
coordinate two potassium ions. The bases A6 and T19 as well as
A15 and T10, we believe, form two intrastrand AT base pairs that
cap the guanine tetrads and add to the stability of the tetraplex
structure. It was recently shown that the telomeric repeat of
Bombyx mori, 5′-TTAGG-3′, adopts a four-stranded structure in
which two guanine tetrads are capped by two (T•A)•A triads in
a similar way (25).

It is notable how our finding, that the NHE adopts an intrastrand
fold-back DNA tetraplex structure, is in total agreement with
previous characterisations of the NHE. The DNAse I hypersensi-
tivity is confined to the four unpaired guanines G11–G14 in the
longer loop of the tetraplex structure (8) (Fig. 4); S1 hypersensi-
tivity is not evenly distributed over the NHE, but is localised
around the two bases immediately downstream of the tetraplex
structure (15).

Figure 4. Schematic showing the potassium induced tetraplex form of PU27
that is consistent with chemical probing results. G2–G4, G7–G9, G16–G18 and
G21–G23 (red) form three planes of guanine tetrads. A6–T19 and A15–T10
(green) may form two A–T base pairs that cap the guanine tetrads. Bases that
do not participate in the tetraplex structure are shown in grey. We do not know
the number of co-ordinated potassium ions (blue), but speculate that two might
be positioned between the planes formed by guanines.

The PU27 oligonucleotide and the purine-rich strand of the
NHE have identical sequences. The reason the plasmid NHE, but
not the PU27 oligonucleotide, forms an intrastrand fold-back
DNA tetraplex is primarily slow kinetics. The plasmid was
incubated in the potassium-containing buffer for 48 h, while
neither of the oligonucleotides were subjected to potassium ions
until mixed with pNHE. Tetraplex formation, in absence of
enzymes that catalyse their formation, is a very slow process (19,
26), and explains why PU27 binds to the displaced pyrimidine-
rich strand of the NHE before it has time to form a tetraplex. In
this context we note that the first dNTP hydrolysing enzyme that
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actively resolves stable DNA tetraplexes recently was identified
(27).

Proteins that bind sequence-specifically to either the homopy-
rimidine strand or the homopurine strand of the NHE in human
c-myc have been identified. Nucleoside diphosphate kinase B,
NDPK-B, also known as PuF or NM23-H2 (28), and heterogen-
eous nuclear ribonucleoprotein K, hnRNP K (29), are c-myc
transcription factors that bind to the homopyrimidine strand.
Heterogeneous nuclear ribonucleoprotein A1, hnRNP A1 (30),
and cellular nucleic acid binding protein, CNBP (31), both bind
sequence specifically to the homopurine strand.

NDPK-B has helicase activity and recognises the double-
stranded form of the NHE, but binds with higher affinity to the
homopyrimidine strand (32). Co-transfection of cells with a
plasmid coding for NDPK-B and a plasmid carrying the NHE
upstream of a CAT reporter gene revealed that the interaction of
NDPK-B with the NHE augments transcription (9). However, it
was recently shown that NDPK-B is not involved in transcription
activation in the way one would expect for a conventional
transcription factor (33).

Despite its name, hnRNP K has a higher affinity for single-
stranded DNA than for RNA, and it is virtually oblivious to
double-stranded DNA (34). Recently hnRNP K has been shown
to interact with the RNA polymerase II transcription machinery
in vivo, and its binding motif comprises at least two repeats of the
sequence CC(C/T)TCCCCA separated by a spacer (35). The
homopyrimidine strand of the NHE has three such repeats.

The hnRNP A1 has been shown to bind to the NHE (30), and
it has now been discovered that a rat liver nuclear protein, that is
closely homologous to hnRNP A1, binds to an intrastrand
fold-back DNA tetraplex (36).

CNBP is a zinc finger protein that activates transcription from
the NHE in vivo, and has been identified as a major homopurine
strand binding protein in HeLa cell nuclear extract using the
purine rich strand of the NHE as a probe (31).

How can the transcription factors NDPK-B, hnRNP K, hnRNP
A1 and CNBP, in conjunction with tetraplex formation in the
NHE, activate c-myc? In Figure 5 we envision a scenario in which
NDPK-B unwinds the NHE and binds to the homopyrimidine
strand. Simultaneously, the homopurine strand forms a tetraplex
that is bound by hnRNP A1 and/or CNBP. The exposed
homopyrimidine strand is then bound by hnRNP K, which
attracts the RNA polymerase II transcription machinery and
activates c-myc. This scenario although speculative at this point,
suggests that any anti-proliferative effect of the PU27 oligonu-
cleotide originates from efficient competition with c-myc tran-
scription factors that are specific for the homopyrimidine strand.
The major role of PU27 in anti-gene therapy is likely to be
hybridisation with the homopyrimidine strand of the NHE. When
the single-stranded homopyrimidine strand is unavailable,
hnRNP K does not recognise the NHE and transcription is
blocked since this also prevents interactions between the NHE
and the RNA polymerase II transcription machinery.

The sequence motif required to form an intrastrand fold-back
DNA tetraplex, GxNy1GxNy2GxNy3Gx, is not unique to the c-myc
promoter region. It seems to be a recurring theme in the promoter
regions of many oncogenes; c-abl (37), c-ets (38,39), c-fes/fps
(40), c-fgr (41), c-fos (42), c-jun (43), c-kit (44), c-mos (45),
c-myb (46), c-rel (47), c-sis (48), c-src (49), c-yes (50), and the
vav proto-oncogene (51) are examples of human cellular oncogenes
that exhibit the ‘intrastrand fold-back DNA tetraplex’-motif in their

Figure 5. A scenario in which c-myc is activated by transcription factors that
interact with the NHE. (A) NDPK-B unwinds the double-stranded form of the
NHE, binds to the homopyrimidine strand, and the displaced homopurine
strand forms the tetraplex stabilised by intracellular potassium ions. (B) hnRNP
A1 and/or CNBP binds to the homopurine strand of the NHE, and hnRNP K
binds to the homopyrimidine strand. (C) hnRNP K directs the RNA polymerase
II transcription machinery to the homopyrimidine strand and c-myc transcrip-
tion is initiated.

upstream promoter regions. We find it likely that intrastrand
fold-back DNA tetraplexes constitute a novel transcriptional control
element, which provides potent targets for anti-gene therapies.
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