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� Human c-myc gene is a central regulator of cellular proliferation and cell growth, and G-
quadruplexes have been proven to be the transcriptional controller of this gene. In this study, the
interaction of bile acid-amino acid conjugate (BAA) with G-quadruplexes in c-myc was investigated
by circular dichroism spectroscopy, nuclear magnetic resonance (NMR) measurement, and quan-
titative real-time polymerase chain reaction (PCR) assay. The experimental results indicated that
BAA has the ability to selectively induce the formation of parallel G-quadruplexes in c-myc, which
leads to down-regulation of c-myc transcription in the human breast cancer cell MCF-7.

Keywords c-myc gene; G-quadruplexes; bile acid-amino acid conjugate; down-
regulation of transcription

INTRODUCTION

Human c-myc gene or its product is a central regulator of cellular pro-
liferation and cell growth. The aberrant overexpression of c-myc is related
to the increasing of cellular proliferation in a variety of different malignant
tumors, including carcinomas of the breast, colon, and cervix, as well as small-
cell lung cancer, osteosarcomas, glioblastomas, and myeloid leukemias.[1–4]

The transcription of c-myc is under the complex control of multiple pro-
moters. The nuclease hypersensitivity element III1 (NHEIII1), upstream of
the P1 promoter of c-myc, controls 80% to 90% of the total transcriptional
activity of this gene.[5–9] The NHE III1, a G (guanine)-rich strand of the DNA

Received 15 December 2009; accepted 22 January 2010.
Address correspondence to Changqi Zhao, Beijing Key Lab of Gene Engineering Drugs & Biological

Technology, College of Life Sciences, Beijing Normal University, Beijing 100875, P. R. China. E-mail:
zhaochangqi60724@yahoo.com.cn

190

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
0
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



Human C-myc Gene and Baa 191

FIGURE 1 Location of the NHE III1 in the c-myc gene and proposed biological function of G-quadruplex
in this region.

containing a 27 base-pair sequence, can form intramolecular G-quadruplex
structures and function as a transcriptional repressor element[10] (Figure 1).
Consequently controlling the transcription of c-myc via the G-quadruplex
structure had emerged as an attractive target for anti-cancer therapeutic
strategies.

The strategy to find new ligands that are able to selectively interfere
with c-myc expression by the formation/stabilization of the specific G-
quadruplexes had potential applications. A number of G-quadruplex lig-
ands, such as TMPyP4[11] and Se2SAP[12] had been developed and shown
to induce and/or stabilize the G-quadruplex structure. Otherwise, the small
molecule- quarfloxin (CX-3543) designed to target the c-MYC promoter
quadruplex has already entered Phase II clinical trials.

Bile acids are natural occurring compounds and play a prominent role in
biological systems.[13] Bile acid could be applied in design of antimicrobial
and antitumor drugs, for example, in Regen’s group, a large number of bile
acid-polyamine conjugates were synthesized and revealed impressive biologi-
cal activities.[14] Based on the above viewpoints, we designed and synthesized
a new bivalent linkages of bile acid-amino acid conjugate—BAA (Figure 2),
and tested the antitumor activity of the compound. The preliminary bioac-
tivity tests showed that the compound could inhibit the growth of human
breast cancer cell MCF-7 and the IC50 values were less than 10 µM.[15] It is
worth studying if the anticancer activity of BAA is related to proto-oncogene
c-myc. Thus, the interaction of BAA with NHE III1 DNA was investigated.

In this study, the interaction of the bile acid-amino acid conjugate—BAA
with NHE III1 DNA was investigated using circular dichroism pectrum
(CD), nuclear magnetic resonance (NMR), proliferation assay and reverse
transcriptase PCR (RT-PCR). All the results showed that the BAA could
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FIGURE 2 Structure of the BAA.

selectively induce the formation of intramolecular parallel G-quadruplex in
c-myc DNA, and inhibit the expression of c-myc in human breast cancer cell
line MCF-7.

MATERIALS AND METHODS

Materials

All oligomers/primers used in this study were purchased from Invitro-
gen (Beijing, China), purified by PAGE and their sequences were listed in
Table 1. BAA was synthesized as previously reported.[15] The total RNA iso-
lation kit was purchased from SBS Genetech, China. ReverTra Ace kit and
SYBR Green I kit were purchased from Sikabio (China). D2O and DEPC
were purchased from Sigma Co. (USA). Tris (D11, 98%) was purchased
from Cambridge Isotope Laboratories, Inc. (USA). Analytical grade inor-
ganic salts were purchased from Sinopharm Chemical Reagent Beijing Co.
(China).

CD Spectroscopy

The oligomer MYC22-18T/22T at a final concentration of 5 µM was
resuspended in Tris-HCl buffer (10 mM, pH 7.4) containing the BAA to
be tested. The sample solutions were equilibrated at room temperature for
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TABLE 1 Sequences of oligomers (primers) used in the present study

Name of oligomer Sequence

c-myc22 TGAGGGTGGGGAGGGTGGGGAA
Hum22 AGGGTTAGGGTTAGGGTTAGGG
c-Kit87up AGGGAGGGCGCTGGGAGGAGGG
Bcl-2 GGGCGCGGGAGGAAGGGGGCGGG
c-mycA (Upstream primer for c-myc in RT-PCR27) CAGCCCCGAGCCCCTGGTG
c-mycS (Downstream primer for c-myc in RT-PCR) AGGCGCTGCGTAGTTGTGCTGATG
β-actinA (Upstream primer for β-actin as control in

RT-PCR)
GTTGCTATCCAGGCTGTGC

β-actinS (Downstream primer for β-actin as control in
RT-PCR)

GCATCCTGTCGGCAATGC

more than 12 hours before measurements. CD spectra were collected from
220 to 320 nm on a Jasco-815 automatic recording spectropolarimeter with
a 1 cm pathlength quartz cell at 25◦C. Spectra were collected with scan
speed of 500 nm/min and response time of 1 second. Each spectrum was
the average of four scans. A buffer blank correction was made for all spectra.

NMR Measurement

The oligomer MYC22-18T/22T at a final concentration of 0.2 mM was
resuspended in Tris-HCl buffer (10 mM, pH 7.4) containing the BAA to
be tested. The sample solutions were equilibrated at room temperature for
more than 12 hours before measurements. NMR experiments were per-
formed on a Bruker AVANCE 600 spectrometer equipped with a 5 mm BBI
probe capable of delivering z-field gradients and TOPSPIN software (version
2.0; Bruker, USA). All experiments were carried out at 298.2 K. The one-
dimensional proton spectra were recorded by the standard pulse program
p3919gp that applies 3-9-19 pulses with gradients for water suppression.

Cell Culture

The human breast cancer cell MCF-7 was obtained from the American
Type Culture Collection (ATCC; USA). The cells cultures were maintained
in RPMI-1640 medium supplemented with 10% fetal bovine serum, 100
U/mL penicillin, and 100 µg/mL streptomycin in 25 cm2 culture flasks at
37◦C humidified atmosphere with 5% CO2.

RNA Extraction

For RNA extraction, about 5 × 105 MCF-7 cells were seeded in 6-well
plates, and the freshly dissolved BAA at increasing concentrations was added
into the plates. After 1 day of culture, the cell pellets were lysed in TRIzol
solution and the total RNA was extracted according to the manufacturer’s
instructions.
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Quantitative Real-Time PCR

Total RNA was used as a template for reverse transcription using a Rever-
Tra Ace kit. The expression levels of c-Myc mRNA level were determined by
Canada-FTC2000 fluorescence quantitative PCR using SYBR Green I tech-
nology following the manufacture’s protocol. The expression levels were
measured using SYBR Green I kit. C-myc gene expression was quantified by
the comparative cycle threshold method according to the manufacturer’s
instructions.

Data Analysis

One-way analysis of variation (ANOVA) was used to test for significance in
differences for the expression of c-myc PCR products treated with different
concentrations of BAA. The statistical test was carried out with SPSS version
13.

RESULTS AND DISCUSSION

Inducing the Forming of Parallel G-Quadruplex Structure

in NHE III1 by BAA

The DNA oligomer used was TGAGGGTGGGGAGGGTGGGGAA (c-
MYC22). The oligonucleotide c-MYC22 corresponded to the NHE III1 se-
quence that is able to form the biologically relevant chair G-quadruplex but
not the basket one, according to the literature.[16] To identify the interac-
tion of the BAA with c-myc G-quadruplex, CD spectroscopy of c-MYC22 was
performed after treatment with BAA. CD measurement has been extensively
applied to study secondary structures of DNA.[17–19] It is known that parallel
G-quadruplex structure gives a characteristic CD signal containing a posi-
tive band around 262 nm, while antiparallel G-quadruplex structure always
shows positive and negative ones around 295 and 265 nm, respectively. As
for unfolded single-strand DNA, it typically exhibits a strong positive CD
signal around 256 nm. These CD spectral features help us approximately
recognize different DNA motifs conveniently.

The CD spectra of c-MYC22 without any metal cations at room tem-
perature exhibited a large positive peak at 256 nm. As shown in Figure 3,
addition of BAA led to great changes of the CD spectra: The positive peak
was gradually shifted from 256 nm to about 262 nm with increasing BAA
concentration. The result indicated that the BAA could induce the forming
of parallel G-quadruplex in the promoter region of human oncogene c-myc.

In order to provide additional evidence for the presence of guanine
quartets, one- dimensional NMR was followed. Chemical shifts at 10–12 ppm
for guanine imino protons are characteristic of a G-quadruplex structure.[20]

The 1H NMR spectra shown in Figure 4 demonstrated the presence of
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FIGURE 3 The CD spectra of c-myc22 with BAA. a) 5 µM BAA in the absence of c-myc22; b–f) The
concentrations of BAA are (µM): 0, 5, 10, 20, 40, in the presence of 5 µM c-myc22.

FIGURE 4 One-dimensional NMR study a solution of 0.2 mM c-myc22 with 0.2 mM BAA (b) and without
BAA (a).
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exchangeable protons in the chemical shift range characteristic of gua-
nine quartet imino protons as well as exchangeable protons from the loop
residues. These chemical shifts, along with the small line widths, are typical
of unimolecular, folded quadruplexes.

Selectivity for C-myc G-Quadruplex DNA and Other G-Quadruplex

DNA Structures by BAA

Besides human c-myc gene, telomeres, some oncogene promoter se-
quences such as Bcl-2,[21,22] c-Kit[23,24] and other biologically relevant regions
of the genome are also rich in G (guanine) and could form intramolecular
G-quadruplex structures. To identify whether the BAA could selectively in-
duce the promoter region of human oncogene c-myc, CD spectroscopy of
different G (guanine)-rich sequences were performed after treatment with
BAA (Figure 5).

Hum22 was the core sequence of the G-rich strand of human telomeric
DNA. c-Kit87up located within −87 and −109 base pairs upstream of a

FIGURE 5 The CD spectra of different DNA sequences (5 µM), a) Hum22, b) c-Kit87up, c) Bcl-2 with
BAA.
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nuclease hypersensitive region of the human c-Kit promoter. Bcl-2 located
in the nuclease hypersensitive region −1490 to −1451 upstream of the P1
promoter in the Bcl-2 promoter. As shown in Figure 5, the CD spectra
of different DNA sequences did not show obvious change after treatment
with BAA. The results indicated that the BAA could selectively induce the
promoter region of human oncogene c-myc.

Inhibition of the Transcription of C-myc by the BAA in the Cancer

Cell Line

To investigate whether BAA had the ability to inhibit c-myc transcrip-
tion in cancer cell line, the real-time quantitative PCR was performed. The
real-time quantitative PCR has been widely used to provide the quantitative
estimates at the level of gene transcription.

For the transcription assay of c-myc in cancer cell lines, about 5 × 105

MCF-7 cells were seeded into six-well plates, incubated for 1 day, and then
treated with BAA at 1, 10, and 50 µM for 24 hours. The total RNA was
extracted and reverse transcripted to cDNA, which was then used as a tem-
plate for specific SYBR Green PCR amplification of the c-myc sequence and
controlled by β-actin.

The decreasing of c-myc PCR products was significant when treated with
BAA, and the decreasing was in a dose-dependent manner (Figure 6). As
shown in Figure 6, 1 µM of BAA could inhibit the expression of c-myc obvi-
ously, and the expression of c-myc was decreased by 21% (P < 0.05). When

FIGURE 6 Effect of BAA on the expression of c-Myc in MCF-7 cells. Relative expression levels of c-myc
mRNA in MCF-7 cells were measured by real-time PCR. The expression of β-actin gene was used to
normalize the values of c-Myc (columns). ∗P < 0.05, ∗∗P < 0.01 (one-way ANOVA).
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the concentration of BAA was 50 µM, the expression of c-myc was inhibited
significantly, and decreased by 32% (P < 0.01). The results indicated that
BAA had the ability to inhibit c-myc transcription in cancer cell line, which
were consistent with the results in the above experiments.

CONCLUSION

In summary, bile acid-amino acid conjugate—BAA have been investi-
gated on its interaction with c-myc DNA G-quadruplexes. It was found that
BAA could selectivity induce the forming of parallel G-quadruplex structure
in c-myc, and was able to inhibit c-myc gene transcription in the human
breast cancer cell MCF-7. This study suggested that the anticancer activity of
BAA might relate to the interaction of BAA with c-myc DNA G-quadruplex.
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