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ABSTRACT

Gene promoters are enriched in guanine clusters
that potentially fold into quadruplex structures.
Such quadruplexes were implicated in the regula-
tion of gene expression, plausibly by interacting
with transcription factors. We showed previously
that homodimers of the myogenic transcription
factor MyoD bound in vitro most tightly bimolecular
quadruplexes of promoter sequences of muscle-
specific genes. By contrast, MyoD-E47 hetero-
dimers formed tighter complexes with d(CANNTG)
E-box motifs that govern muscle gene expression.
Here, we show that DNA quadruplexes enhance
in vivo MyoD and E-box-driven expression of a
firefly luciferase (FL) reporter gene. HEK293 cells
were transfected with FL expressing p4RTK-FL
vector alone or together with MyoD expressing
PEMSV-MyoD plasmid, with quadruplexes of o7
integrin or sarcomeric mitochondrial creatine
kinase (sMtCK) muscle gene promoters or with a
combination thereof. Whereas MyoD elevated by
~10-fold the levels of FL mRNA and protein, the
DNA quadruplexes by themselves did not affect FL
expression. However, together with MyoD, quad-
ruplex DNA increased by ~35-fold the amounts of
FL mRNA and protein. Without affecting its expres-
sion, DNA quadruplexes bound MyoD in the cells.
Based on these results, we propose models for the
regulation of muscle gene transcription by direct
interaction of MyoD with promoter quadruplex
structures.

INTRODUCTION

Skeletal muscle develops during vertebrate embryogenesis
from progenitor cells originating in the somites. These
cells migrate into the limb bud where they proliferate,
express myogenic determination factors and differentiate
into skeletal muscle. In an initial determination stage,
external signals released by surrounding cells induce dif-
ferentiation of mesodermal cells into dividing myoblasts
that become committed to the myogeneic lineage. The
myoblasts are subsequently induced by other external
signals to differentiate into non-dividing myocytes that
ultimately fuse to generate syncitial myotubes (1-3).
Four myogenic regulatory factors (MRFs): MyoD,
MyfS5, MRF4 and Myogenin (Myf4), control the develop-
ment of muscle tissue (4,5). These basic helix-loop—helix
(bHLH) master transcription factors induce timed expres-
sion of numerous muscle-specific genes. MyoD, Myf5 and
MRF4 direct the transformation of mesenchimal cells into
dividing myoblasts (6) whereas their subsequent progres-
sion into non-dividing myocytes and then to myotubes are
mediated by Myf4 and MRF4 (7,8). The different MRFs
appear to have distinct but partly intersecting functions as
each transcription factor induces the expression of partic-
ular but partially overlapping sets of muscle-specific
proteins (9,10).

Mammalian MRFs self-associate through their HLH
sections to form homodimers or generate heterodimers
with Class I bHLH E-proteins: HEB, E2-2, and two alter-
native splice products of E2A: E12 and E47 (11).

MyoD-E protein heterodimers initiate the expression of
muscle proteins by binding through the basic segments of
their bHLH domains to conserved E-box motifs,
d(CANNTG), in regulatory regions of the muscle-specific
genes (12). In contrast to the transcriptionally effective
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MyoD-E-protein heterodimers, homodimers of full-length
MyoD displayed significantly lower affinity for E-box and
acted as inefficient transcription factors (13,14). Although
E-box elements are found in promoter and enhancer
regions of both muscle-specific and non-muscle genes,
MRF heterodimers selectively induce the expression of
muscle genes but not of E-box regulated non-muscle
genes (11). This specificity of gene activation was
attributed to a number of factors such as the presence of
three unique amino acids in the basic regions of MRFs:
Alajq4, Thryys and Lysjos (12,15,16), the identity of the
two variable residues d(CANNTG) within E-box (17),
the effects of cis-acting suppressor elements (18) and the
interaction of MRFs with additional transcription factors.

The activity and specificity of MRFs might also be
determined by their differential interaction with non-
canonical DNA structures in regulatory regions of
muscle-specific genes. Of particular interest are quadru-
plex structures of guanine-rich promoter sequences.
Promoters and 5 untranslated tracts of genes are
preferentially and highly enriched in clusters of contiguous
guanine residues that can potentially form quadruplex
structures (19-22). Indeed, in-depth studies of selected
genes implicated tetrahelical DNA formations in the
negative or positive regulation of the insulin gene (23—
27), c-MYC (28-32), c-kit (33-35), bcl-2 (36,37), VEGF
(38-40) and PDGF-A (41). Promoters and enhancers of
several muscle-specific genes were shown to display a sta-
tistically disproportional high incidence of contiguous
guanines clusters that readily formed G’4 unimolecular
and G2 bimolecular quadruplex structures (42). In
addition, association into tetraplex of two non-adjacent
guanine-rich hairpins within a single-strand raised the pos-
sibility that unimolecular G’2-like quadruplexes might
also be formed (42) [see ref. (43) for a model] . Most
interestingly, homodimeric MyoD and MRF4 were
shown to bind in vitro the G'2 and G'2-like quadruplex
structures in preference over double-stranded E-box
whereas their respective heterodimers with E47 bound
more tightly to E-box than to the tetraplex formations
(44,45). Interestingly, however, whereas Myf4-E47
heterodimers also associated preferentially with E-box,
homodimers of Myf4 in distinction from MyoD or
MRF4 homodimers, bound tetraplex DNA weakly and
non-preferentially (46). Yet when the Myf4 basic region
was replaced by a MyoD basic region, the homodimeric
chimerical Myf4 associated with quadruplex DNA tightly
and in preference over E-box, suggesting that the basic
region dictated the high affinity of MyoD homodimers
for quadruplex DNA (46). Based on these in vitro
finding we suggested that the distinct activities of MyoD
or MRF4 versus Myf4 during myogenesis might be in
part a result of the dissimilar affinities of their homo-
dimers for quadruplex structures in regulatory regions of
muscle-specific genes.

In the present work we assessed the in vivo impact
of the high binding affinity of homodimeric MyoD for
quadruplex DNA structures of promoter sequences of
muscle-specific genes. To this end we examined in living
cultured cells the effect of the quadruplex structures
on MyoD- and E-box-governed expression of firefly

luciferase (FL) reporter gene. We show that transfection
of G'2 tetraplex structures of promoter sequences of the
muscle-specific genes o7 integrin or sarcomeric mito-
chondrial creatine kinase (sMtCK) into MyoD expressing
human embryonic kidney 293 (HEK?293) cells specifically
enhanced the MyoD and E-box-driven transcription and
expression of a reporter FL gene. We also report that
without affecting the expression of MyoD, the quadruplex
DNA structures, but not single-strands of the same
sequence, existed in complexes with MyoD in the cells.
Based on these results we propose a model for the role
of quadruplex DNA structures in the regulation of the
MyoD-dependent expression of muscle-specific genes.

MATERIALS AND METHODS
Plasmids

The following plasmids were used: p4RTK-FL vector
containing four copies of an E-box motif that mediated
MyoD-dependent expression of FL; pCMV-RL that
encoded Renilla reniformis luciferase (RL) gene
(Promega); pEMSV-MyoD vector that expressed a
harbored MyoD encoding gene and pCMV2-Flag carrier
plasmid. The plasmids were prepared and propagated as
previously detailed (47).

Formation of G2 bimolecular quadruplex and
single-stranded DNA structures

Quadruplex structures were formed by oligomers that
corresponded to guanine-rich promoter tracts of two
MyoD-responsive muscle-specific genes (guanine clusters
highlighted): o7 integrin; 5-d(CATGGGGGCGGGAAGG
GGCGGGGTCT)-3 and sMtCK; 5-d(CTGAGGAGG
GGCTGGAGGGACCACQ)-3'. These oligomers fold in
the presence of K" ions into G'2 bimolecular quadruplex
structures (42). Briefly, 6 pg of either 8 M urea—10%
polyacrylamide  denaturing gel electrophoretically
purified sMtCK DNA oligomer (48) or HPLC purified
integrin DNA (Sigma/Genosys) were dissolved in 10 ul
of 300mM KCI in TE buffer (10mM Tris—HCI buffer,
pH 8.0, ImM EDTA), boiled for 5min and incubated at
37°C for 16h. Electrophoresis in 10% non-denaturing
polyacrylamide gel of aliquots of each oligomer after the
incubation showed that ~40-50% of the DNA was con-
verted into slowly migrating G’2 bimolecular quadruplex
forms [see also ref. (36)]. Solutions of the quadruplex
DNA structures in TE buffer, 300 mM KCIl were stored
at —20°C until used and remained stable for 1-2 months.

Single-strands of sMtCK or integrin DNA or of
adenosine-substituted integrin sequence: A-integrin;
5-d(CATGGGAGCGAGAAGGAAGAAGTCT)-3" that
could not form quadruplexes (unpublished results), were
generated immediately prior to use by 10min boiling of
DNA oligomers solutions in water.

Transfection of cultured human cells

HEK?293 cells were inoculated in 0.1% gelatin-coated
10cm plates and grown to 60-70% confluence at 37°C
and under 5% CO, atmosphere in Dulbecco Modified



Eagle’s Medium (DMEM) supplemented with 4.5g/Ip-
glucose, 5.0mM r-glutamine, 10% fetal calf serum,
83.3U/ml each of penicillin and streptomycin and
0.2mg/ml amphotericin B (Biological Industries, Israel).
The cells were detached by Trypsin—-EDTA, reseeded in
gelatin-coated 6-well plates at 3-5x 10° cells/well in a
volume of 2.5ml/well and immediately transfected by dif-
ferent combinations of three plasmids as detailed under
‘Results” section: p4RTK-FL—an E-boxes containing
MyoD-responsive FL reporter plasmid; pCMV-RL—
a normalizing RL reporter plasmid; and pEMSV-
MyoD—a MyoD expressing vector. The plasmids were
co-transfected without or with G’2 quadruplex structures
of integrin or sMtCK DNA sequences or with their
single-stranded forms. Briefly, 6ul of jetPElI DNA
transfection reagent (Polyplus-Transfection) in 100 pl of
150 mM NaCl was added to an equal volume of 150 mM
NaCl that contained 0.4pg 4RTK-FL DNA, 0.05ug
pCMV-RL DNA and varying indicated amounts of
PESMV-MyoD vector. pCMV2-Flag DNA was used to
complete the total amount of DNA to 1.95pug. To assess
the effect of quadruplex DNA on MyoD-dependent FL
expression, 1.2ug of G'2 integrin or sMtCK DNA or
their single-stranded forms were included in parallel
transfection mixtures of the above plasmids. Following
incubation at 37°C for 2h, each well was supplemented
with 2.0 ml of growth medium. The described procedure
allowed for transfection efficiency of >90% as assessed by
the parallel monitoring of GFP expression in cells that
were similarly transfected with a GFP harboring vector.
The cells were harvested 24h post-transfection using
Trypsin—-EDTA and resuspended in 1.0ml of cold
growth medium. Aliquots of each cell sample were used
to determine FL and RL activities and to conduct
semi-quantitative RT-PCR measurements of the levels of
their mRNA transcripts as detailed below.

Adjustment for variations in cell viability and trans-
fection efficiency were made as described (47), except
that the RL-corrected FL activity was normalized
relative to FL activity of cells that were transfected with
FL and RL reporter vectors and the pCMV2-Flag plasmid
but without a MyoD expressing plasmid or quadruplex
DNA.

Dual luciferase assay

A dual luciferase reporter assay system was applied as
instructed by the manufacturer (Promega) to determine
the activities of FL and RL in lysates of transfected
HEK?293 cells. Briefly, following cell lysis in passive lysis
buffer (Promega), 40 ul of cell lysate were added to 50 pl
luciferase reagent II. After a 2s delay, FL activity was
measured for 10s in a Glomax 20/20 luminometer. To
terminate the reaction, 50l of Stop and Glo reagent
were added to quench the FL activity and after a 2s
delay the activity of RL was determined for 10s.

Quantitative RT-PCR measurement of relative
mRNA levels

Total cell RNA was isolated from the HEK293 cells 24 h
after transfection using a total RNA purification kit
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(Norgen Biotech). Remaining residues of cell and
plasmid DNA were digested by DNase (Turbo DNA-
free kit, Ambion). Spectrophotometrically measured
(Nanovue, GE) RNA samples of 0.5 or 0.75ug each
were reverse-transcribed (Verso c¢cDNA kit, Thermo
Fisher Scientific) using anchored oligo dT primers. To
verify that all the amplification products were copies of
the RNA template and not of contaminating DNA, every
set of reactions included a no RT negative control reaction
mixture. Quantitative RT-PCR measurements of relative
mRNA levels were conducted in a Rotor Gene 6000
analyzer (Corbett Life Science). Reaction mixtures con-
tained in a final volume of 20pul; Sul of 1:10 diluted
cDNA, 1 x ABsolute Blue SYBR Green mix (Thermo
Fisher Scientific) and 170 uM of each primer. The FL
forward and reverse primers were, respectively, 5'-d(CTC
ACTGAGACTACATCAGC)-3' and 5-d(TCCAGATCC
ACAACCTTCGC)-3' and the respective RL forward and
reverse primers were 5'-d(GGAATTATAATGCTTATCT
ACGTGC)-3 and 5-d(CTTGCGAAAAATGAAGACC
TTTTAC)-3. Mixtures were incubated at 95°C for
15min, followed by 40 cycles of: 10s at 95°C, 15s at
60°C and 20s at 72°C. Three independent qRT-PCR mea-
surements of RL-normalized amounts of FL cDNA were
made for each of the two starting amounts of 0.5 and
0.75ug RNA (a total of six measurements of each
mRNA isolate). Relative amounts of FL mRNA were
calculated by the comparative Ct method and expressed
as levels relative to FL. mRNA measured in cells that
were co-transfected with the pCMV2-flag p4RTK-FL,
pCMV-RL and plasmids but without a pEMSV-MyoD
expression vector.

Western analysis

HEK293 cells were co-transfected with p4RTK-FL,
pCMV-RL and pEMSV-MyoD plasmids without or with
G’2 quadruplex integrin DNA as detailed above. The cells
were harvested and lysed 24h post transfection and
equal amounts of cell lysate protein were resolved by
10% SDS-PAGE and transferred to nitrocellulose
membrane. Amounts of expressed MyoD were assessed
by blotting with rabbit polyclonal anti MyoD primary
antibody followed by goat anti rabbit IgG secondary
antibody (both Santa Cruz products). Horseradish
peroxidase activity was monitored using a Super We
Pico chemiluminescence substrate (Pierce).

Immunoprecipitation

To assess the extent of interaction of MyoD with G2
quadruplex DNA within the transfected cells, HEK293
cells were co-transfected as described above with a
pEMSV-MyoD plasmid and 0.6pg 5->P labeled (49)
G’2 quadruplex sMtCK or integrin DNA or with the
single-stranded forms of these oligomers or of A-integrin
DNA. The cells were harvested 24 h post-transfection and
lysed in 50 pul passive lysis buffer and 25 ul aliquots were
incubated at 4°C overnight with either 10l of rabbit
polyclonal anti MyoD or non-immune rabbit 1gG (both
Santa Cruz products). Twenty microliters of 1:1 slurry of
protein A-coupled sepharose beads (Santa Cruz) that was
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thrice washed with phosphate buffered saline (PBS) were
added to the mixtures and the reaction volume was
completed to 1 ml with PBS. Following incubation under
rotation at 4°C for 1h, the mixtures were centrifuged for
3min at 900g and 4°C, the supernatant was decanted and
the beads were similarly washed three more times with
I ml PBS each time. Relative amounts of immunopre-
cipitated MyoD-5-*>P DNA complexes were determined
by measuring Cerenkov counts in the precipitates.

RESULTS

Quadruplex DNA enhances irn vivo MyoD-directed
expression of a reporter FL gene

Previously published results indicated that MyoD
homodimers formed in vitro tighter complexes with
bimolecular quadruplex structures of guanine-rich DNA
tracts of muscle gene regulatory regions than with
double-stranded E-box motif. By contrast, MyoD-E47
heterodimers displayed higher affinity for E-box than for
the quadruplex structures of muscle-gene sequences
(44,45). Based on these observations, we first inquired
whether such quadruplex DNA structures could affect
the capacity of MyoD to induce gene expression in vivo.
To monitor E-box and MyoD-dependent expression of a
reporter FL gene, HEK293 cells in culture were
transfected with a MyoD-responsive p4RTK-FL vector
that contained four copies of promoter E-box motif
upstream to an FL gene. Cells that were transfected with
the p4RTK-FL reporter vector together with pCMV-RL
plasmid and pCMV2-Flag DNA exhibited a very low
basal level of FL expression (Figure 1). As shown, this
low level of expression did not change significantly when
G’2 quadruplex o7 integrin DNA was co-transfected with
the pARTK-FL reporter vector FL. However, as expected
for the MyoD and E-box responsive FL gene, the
measured FL activity was increased ~15-fold when a
MyoD  expressing plasmid, pESMV-MyoD was
co-transfected with the p4RTK-FL reporter vector.
More interestingly, in cells that were co-transfected with
the p4RTK-FL and pESMV-MyoD plasmids together
with G’2 quadruplex integrin DNA, the measured FL
activity increased ~50- or ~3.5-fold, respectively,
relative to its basal or MyoD-induced levels (Figure 1).
Parallel results indicated that single-stranded integrin
DNA that was co-transfected into cells by itself or
together with MyoD did not enhance the basal or
MyoD induced expression of FL (Figure 1), suggesting
that the elevation of FL activity was exerted by the
quadruplex structure of the DNA rather than by its
specific sequence.

Quadruplex DNA enhances ir vivo MyoD-dependent
FL gene transcription

We next examined the molecular basis for the in vivo
enhancement by quadruplex DNA of MyoD-directed FL
expression. Levels of FL mRNA and activity were deter-
mined in parallel in HEK?293 cells that were co-transfected
with the p4ARTK-FL reporter plasmid and with increasing
amounts of the MyoD expressing plasmid pESMV-MyoD
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Figure 1. G2 quadruplex o7 integrin DNA cooperates with MyoD to
enhance the in vivo expression of an E-box driven FL reporter gene.
HEK293 cells were transfected with FL expressing p4RTK-FL vector
and normalizing RL expressing pCMV-RL plasmid alone or together
with either 0.3 pug pEMSV-MyoD expression plasmid, with muscle-gene
promoter quadruplexes or single-strands of o7 integrin DNA or with a
combination thereof (see ‘Materials and Methods’ section). The cells
were harvested and lysed 24 h post-transfection and RL-normalized FL
activities were determined. The shown data represent average results of
four independent experiments.

without or with constant amounts of G’2 quadruplex
structures of promoter sequences of the muscle-specific
o7 integrin or sMtCK genes. Multiple independent
gRT-PCR determinations of RL-normalized FL. mRNA
were conducted in parallel to measurements of the
amounts of RL-normalized FL protein activity (see
‘Materials and Methods’ section). Results presented in
Figure 2 indicated that the levels of FL mRNA and
protein activity were progressively elevated in cells that
were transfected with increasing amounts of the MyoD
expressing vector. Cells that were transfected with
0.2-0.3 ug of pESMV-MyoD approached plateau levels
of FL mRNA and protein activity that were ~10-fold
higher than their respective basal amounts. Larger pro-
gressive increase in the level of FL mRNA were
recorded in cells that were also co-transfected with
G’2 quadruplex integrin or sMtCK DNA. As seen in
Figure 2 the maximum amounts of FLL mRNA that
accumulated in the presence of the quadruplex DNA
structures were, respectively, ~100- or ~10-fold higher
than their basal or MyoD induced levels. In parallel, the
FL protein activity was also increased in the presence of
MyoD and quadruplex integrin or sMtCK DNA to levels
that were, respectively, ~50- or ~5-fold higher than
the basal or MyoD-induced FL activities (Figure 2).
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Figure 2. G2 quadruplex structures of o7 integrin or sMtCK DNA enhance in vivo MyoD-dependent expression of FL reporter gene. HEK293 cells
were transfected with FL expressing p4RTK-FL vector and a normalizing RL expressing pCMV-RL plasmid alone or together with the indicated
increasing amounts of the MyoD expressing pEMSV-MyoD plasmid without or with 1.2 pg of co-transfected G'2 quadruplex integrin or sMtCK
DNA. Following growth for 24 h, the cells were lysed and RL-normalized FL activity and levels of RL-normalized FL mRNA were determined as
described under ‘Materials and Methods’ section. The presented results are averages of three or four independent experiments.

These results indicated, therefore, that quadruplex DNA
elevated the in vivo expression of FL protein by enhancing
the MyoD-dependent transcription of the FL reporter
gene.

Quadruplex DNA might have enhanced FL gene
transcription indirectly by increasing the amounts of
expressed MyoD in the cells. To examine this possibility,
HEK?293 cells were co-transfected with the p4RTK-FL
and pCMV-RL reporter plasmids and with 0.2 or 0.3 pg
pPESMV-MyoD vector DNA without or together with G2
quadruplex sMtCK DNA. The cells were harvested and
lysed 24 h post-transfection and the amounts of expressed
MyoD were assessed by western blotting with anti MyoD
antibody. Results presented in Figure 3 indicated that cells
that were transfected with 0.3 ug pESMV-MyoD plasmid
DNA expressed higher amounts of MyoD than cells that
were exposed to 0.2 pg of the vector. However, each level
of MyoD remained unchanged whether or not the cells
were also co-transfected with quadruplex DNA. These
results indicated that quadruplex DNA did not act
through elevation of the amount of MyoD but rather, it
directly enhanced the MyoD-dependent transcription of
the FL reporter gene.

kDa
—75
.‘ - - - - 50
G’2sMtCKDNA: — + -+
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pEMSV-MyoD DNA (ug): 0.2 0.3
—25

Figure 3. G'2 quadruplex sMtCK DNA does not affect the level of
MyoD expression in cells. HEK293 cells were transfected with FL
expressing p4RTK-FL vector, normalizing RL expressing pCMV-RL
plasmid and the indicated amounts of the MyoD expressing
pEMSV-MyoD plasmid without or with 1.2ng G2 quadruplex
sMtCK DNA. The cells were harvested and lysed 24 h post-transfection
and the amounts of expressed MyoD were assessed by western analysis
as described under ‘Materials and Methods’ section. Shown is an
autoradiogram of the immune blotted denaturing gel with molecular
sizes of marker proteins indicated at the right hand.

MyoD preferentially forms complexes with quadruplex
DNA in the cells

The observed direct stimulation of MyoD-dependent gene
transcription by quadruplex DNA suggested that MyoD
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Table 1. Transfected G'2 quadruplexes of integrin and
sMtCK DNA sequences, but not their single-stranded forms are
co-immunoprecipitated with MyoD in cell lysates

DNA Relative amounts of *P-DNA
co-immunoprecipitated by anti MyoD

G'2 integrin 1.0
ss integrin 0.01
ss A-integrin 0.05
G2 sMtCK 1.0
ss sSMtCK 0.14

HEK?293 cells were co-transfected with a pEMSV-MyoD vector and
5/-32P labeled G'2 quadruplex sMtCK or integrin DNA or with the
single-stranded forms of these sequences or of adenosine-substituted
A-integrin. Following growth for 24h, the cells were lysed, and
MyoD and associated labeled DNA were immunoprecipitated with
either anti MyoD antibodies or with control non-immune IgG. Listed
are net values of relative radioactivity of labeled DNA that was
precipitated by anti MyoD after subtraction of the background radio-
activity in precipitates of non-immune IgG. Each presented value is an
average of two or three independent determinations. Net Cerenkov
counts in co-immunoprecipitated G'2 DNA ranged in different experi-
ments between 2200 and 8000.

interacted directly in vivo with the quadruplex DNA. Data
indicated that MyoD homodimers formed in vitro tight
complexes with G’2 quadruplex DNA structures (44-46).
To inquire whether MyoD that was expressed in cells also
interacted preferentially with the transfected quadruplex
DNA, p4RTK-FL and pEMSV-MyoD plasmids were
co-transfected into HEK293 cells together with 5-*2P-
labeled G’2 quadruplex forms of o7 integrin or sMtCK
DNA oligomers. Control cells were similarly treated
except that the cells were transfected with *’P labeled
single-stranded heat denatured integrin or sMtCK DNA
or with single-stranded adenosine-substituted A-integrin
DNA. Following growth for 24 h, the cells were lysed
and the cell lysates were incubated with either rabbit
polyclonal anti MyoD antibody or with non-immune
rabbit IgG. Formed immune complexes were adsorbed
onto protein A-coupled sepharose beads, washed and
monitored for Cerenkov counts of co-precipitated
labeled DNA (see ‘Materials and Methods” section).
Table 1 summarizes the results of multiple independent
replicates of this experiment. Listed are average relative
net Cerenkov counts in MyoD-5-P DNA complexes
that were precipitated by anti MyoD antibody after sub-
traction of non-specifically adsorbed radioactivity in
non-immune IgG precipitates of the corresponding
DNA. As seen, the anti MyoD antibody precipitated
100- and 20-fold higher amounts of G2 quadruplex
integrin DNA than single-stranded integrin or A-integrin
DNA. In a similar vein, the amounts of G’2 sMtCK DNA
that were immune-precipitated by anti MyoD were 7-fold
higher than the amounts of similarly treated single-
stranded sMtCK (Table 1). Measured molar ratios of
single-stranded to quadruplex integrin or sMtCK DNA
that were recovered from the cells were, respectively,
0.85 or 0.70. The roughly similar initial amounts of
the two forms of both DNA sequences indicated that
the preferential immune precipitation of the G2

quadruplex structures was not due to their preferred accu-
mulation or preservation in the transfected cells. In
contrast to anti MyoD antibodies, anti E-47 protein
antibodies failed to co-precipitate either single-stranded
or quadruplex integrin DNA (data not shown). This
result suggested that the immune precipitated MyoD
was homodimeric (see ‘Discussion’ section). In sum, our
results implied that at least a portion of the cellular MyoD
existed in vivo in specific complexes with the integrin or
sMtCK DNA tetraplexes. The selectivity of the in vivo
binding of quadruplex DNA by MyoD was underlined
by the significantly lower amounts of complexes that
MyoD formed with single-stranded integrin or sMtCK
DNA sequences.

DISCUSSION

Global bioinformatics genomic analyses (19-22) as well
as direct evidence gathered for seclected genes (21-39)
strongly implied that guanine-rich tracts in promoter
regions of numerous genes might fold into quadruplex
structures and that these tetraplexes function in the regu-
lation of gene expression. Yet, little is presently known on
the interaction of transcription factors with such
quadruplex DNA formations. A recently described case
is the binding of nucleolin to a quadruplex formation in
the c-myc promoter (50) and another is the interaction of
members of the MRF family of myogenic transcription
factors with quadruplex structures of muscle-cell gene
promoter sequences. We have shown in the past that
homodimers of the master myogenic transcription factor
MyoD preferentially form in vitro tight complexes with
G’2 bimolecular quadruplex structures of guanine-rich
tracts of promoter and enhancer regions of muscle-specific
genes. By contrast, heterodimers of MyoD with E47
protein associated with double-stranded E-box motif
more tightly than with the quadruplex DNA formations
(44-46). Based on these observations we suggested that the
attraction of MyoD to bimolecular-like quadruplexes in
the 5-ends of muscle-specific genes might serve to
modulate their transcription (43). In the present work,
we undertook to examine this proposition in living cells
by assessing the effect of quadruplex DNA on MyoD-
dependent gene expression. Essentially, MyoD-directed
expression of an FL reporter gene was measured at the
RNA and protein levels in HEK293 cells that were
transfected with G2 quadruplex structures of promoter
DNA sequences of the muscle-specific genes o7 integrin
and sMtCK. Initial results showed that whereas MyoD
was essential for the production E-box-driven FL
protein, quadruplex integrin DNA by itself failed to
induce FL synthesis. However, upon transfection of
MyoD expressing cells with tetraplex integrin DNA FL
synthesis was, respectively, enhanced ~50- and ~3.5-fold
relative to its basal and MyoD-induced levels (Figure 1). A
failure of a single-stranded form of the integrin DNA
sequence to stimulate in vivo FL synthesis either by itself
or together with MyoD indicated that a tetrahelical con-
formation of the DNA was essential for the enhancement
of FL gene expression (Figure 1). The introduction of G'2
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Figure 4. Proposed models for the enhancement of transcription by quadruplex DNA. (A) Model for a possible mode of action of quadruplex
structures positioned in frans to MyoD and E-box-driven reporter gene. (B) Model for a possible mechanism of action of promoter quadruplex
structures positioned in cis to E-box-driven muscle-specific gene. Yellow circles, MyoD; Blue circles, E-protein. See the text for detailed discussion.

quadruplex structures of integrin or sMtCK DNA into
MyoD expressing HEK293 cells was also shown to
correspondingly elevate the amounts of FL mRNA
(Figure 2). The primary level of action of these tetraplex
DNA structures appeared, therefore, to be the stimulation
of FL transcription. One mechanism that might have been
responsible for the enhancement of transcription by
tetrahelical DNA could be an increase in MyoD expres-
sion by the quadruplex DNA structures. This possibility
was excluded, however, by a direct demonstration that
similar amounts of MyoD were expressed in cells with
or without co-transfected G'2 quadruplex sMtCK DNA
(Figure 3). The preference of homodimeric MyoD to form
in vitro tight complexes with quadruplex DNA (44-46)
raised the alternative possibility that the observed in vivo
enhancement of MyoD-dependent gene transcription by
tetrahelical DNA was an outcome of its direct binding
to MyoD. Results summarized in Table 1 indeed indicated
that anti MyoD antibody precipitated from cell lysates
complexes of MyoD with transfected 5'->’P-labeled G'2
quadruplex integrin or sMtCK DNA complexes. By
contrast, similarly transfected labeled single-stranded
integrin or sMtCK DNA failed to combine with anti
MyoD and to form similar amounts of immune
co-precipitates (Table 1). Although anti E-47 antibodies
failed to similarly co-precipitate bound quadruplex

integrin DNA (see ‘Results’ section), the possibility that
the anti MyoD antibodies co-precipitated complexes of
quadruplex DNA with heterodimers of MyoD with
other E-proteins could not be excluded. However, based
on the high binding affinity of MyoD homodimers for G'2
quadruplex DNA versus the much lower affinity of
MyoD-E47 heterodimers for such DNA structures (41),
it was likely that all or most of the bound protein was
homodimeric.

In this study the G2 quadruplex DNA structures were
positioned in trans to the four promoter E-box elements
that drove transcription of the reporter FL gene. A
proposed mechanism of enhancement of MyoD-directed
FL gene expression by a trans-positioned quadruplex
DNA structures is schematically illustrated in Figure 4A.
Introduction of the pEMSV-MyoD vector into the cells
entails over-expression of MyoD molecules that mostly
form homodimers. By virtue of their excessive amount,
and despite their lower relative affinity for the E-boxes
in the reporter p4ARTK-FL plasmids (13,14,44,45), the
transcriptionally ineffective MyoD homodimers might
occupy a portion of these DNA elements which are thus
deprived of some of the transcriptionally active
MyoD-E47 heterodimers (Figure 4A(a)). As a result,
MyoD by itself enhances to only a limited degree the
expression of the reporter FL gene (Figures 1 and 2).
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However, when integrin or sMtCK G’2 quadruplexes are
introduced into the cell (Figure 4A(b)), they trap at a very
high affinity the MyoD homodimers (44,45) and decrease
the probability of their association with the E-box. As a
result, more MyoD-E-protein heterodimers are allowed to
bind to the E-boxes and the expression of the reporter FL
gene is increased (Figures 1 and 2).

The observed ability of quadruplex DNA structures to
enhance gene transcription in frans raises the possibility
that such DNA tetraplexes are involved in the positive
regulation of gene transcription from genomic DNA. It
is tempting, therefore, to speculate on the way that
muscle gene expression might be affected by a quadruplex
domain which forms adjacently to a promoter E-box. A
provisional model illustrated in the right-hand panel of
Figure 4B assumes that G’2-like quadruplex structures
are transiently formed by guanine-rich tracts that are posi-
tioned cis to adjacent E-boxes in muscle-gene promoters.
By virtue of their high affinity for these structures (44,45),
MyoD homodimers are proposed to be attracted to the
quadruplex domains in gene promoters. The resulting
clustering of the MyoD homodimers concentrates them
and might thus increases the probability of association
with E-proteins, enhancing the efficiency of MyoD-E-
proteins heterodimerization. Moreover, having the
E-box elements close by, binding of the transcriptionally
competent heterodimers to their DNA target is also likely
to be more efficient and gene transcription might then be
enhanced. Promoter regions of several muscle-specific
genes were found to include guanine-rich clusters that
are positioned in close proximity to E-box motifs. These
G-rich tracts were shown to readily fold in vitro into G'4
unimolecular, G'2 bimolecular and G'2-like quadruplex
structures (42). Binding of MyoD-E-proteins heterodimers
to promoter E-box elements is required for the initiation
of muscle gene transcription and for the ensuing induction
of a myogenic cellular phenotype (51). We suggest that
DNA at promoter regions of muscle-specific genes
becomes unwound prior to transcription thus allowing
the guanine-rich tracts (Figure 4B(a)) to fold into tetraplex
structures (Figure 4B(b)). With the tetrahelical DNA
domains being a preferred target for MyoD homodimers,
their binding to these DNA structures gathers them in
close proximity to the E-box elements (C). This clustering
of MyoD might advance its association with the constitu-
tive E-proteins and increase heterodimer formation.
Having a low binding affinity for quadruplex DNA and
a much higher affinity for E-box (44), the heterodimers
might then detach from the tetrahelical DNA domain
and associate with the neighboring E-box motifs thus
initiating transcription (Figure 4B(d)). Future investiga-
tions of the effect of cis positioned quadruplex DNA for-
mations on MyoD-dependent E-box-driven gene
transcription should put this model to a test.
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