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The polyaromatic hydrocarbon f3-naphthoflavone alters
binding of YY1, Sp1, and Sp3 transcription factors
to the Dp71 promoter in hepatic cells
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Abstract. The smallest product of the Duchenne muscular
dystrophy gene, dystrophin (Dp)71, is ubiquitously expressed
in nonmuscle tissues. We previously showed that Dp71 expres-
sion in hepatic cells is modulated in part by stimulating factor 1
(Spl), stimulating protein 3 (Sp3), and yin yang 1 (YY)
transcription factors, and that the polyaromatic hydrocarbon,
p-naphthoflavone (B-NF), downregulates Dp71 expression.
The aim of the present study was to determine whether 3-NF
represses Dp71 expression by altering mRNA stability or its
promoter activity. Reverse transcription-quantitative poly-
merase chain reaction was used to measure half-life mRNA
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levels in B-NF-treated cells exposed to actinomycin D, an
inhibitor of transcription, for 0, 4, 8, 12 and 16 h. Transient
transfections with a plasmid carrying the Dp71 basal promoter
fused to luciferase reporter gene were carried out in control
and B-NF-treated cells. Electrophoretic mobility shift assays
(EMSAs) were performed with labeled probes, corresponding
to Dp71 promoter sequences, and nuclear extracts of control
and B-NF-treated cells. To the best of our knowledge, the
results demonstrated for the first time that this negative regula-
tion takes place at the promoter level rather than the mRNA
stability level. Interestingly, using EMSAs, -NF reduced
binding of YY1, Spl, and Sp3 to the Dp71 promoter. It also
suggests that 3-NF may modulate the expression of other
genes regulated by these transcription factors. In conclusion,
B-NF represses Dp71 expression in hepatic cells by altering
binding of YY1, Spl, and Sp3 to the Dp71 promoter.

Introduction

Duchenne muscular dystrophy (DMD) is an X-linked reces-
sive disorder characterized by severe and progressive muscle
wasting and weakness due to degeneration of skeletal muscle.
DMD primarily affects males with an estimated incidence of
1/3,500 male births (1). Females are usually asymptomatic but
some female carriers manifest milder forms of the disease.
This disorder is caused by defective expression of dystro-
phin, a 427-kDa structural protein that is encoded by a 14-kb
mRNA transcribed from the DMD gene (2). Several studies
of the DMD gene have led to the identification of dystrophin
isoforms that exhibit tissue-specific expression and temporal
regulation (3-6). These isoforms are named according their
molecular weight as Dp260, Dp140, Dpl16, and Dp71. The
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presence of at least seven independent promoters in the
DMD gene accounts for the complexity of its transcriptional
regulation.

Dp71, the smallest and the first expressed product of DMD
gene during embryogenesis (7), is ubiquitously present in all
tissues except in adult muscle cells (8). The N-terminal of
Dp71 has seven unique residues but retains the cystein-rich and
C-terminal domains of full-length dystrophin. Despite homol-
ogies between Dp71 and 427-kDa dystrophin, many studies
have revealed different functions for both proteins (9-11).
Dp71 shows high levels of expression in liver and brain (12).
In neuronal cells, Dp71 has been involved in differentiation,
cell cycle and adhesion processes (13-16). Other studies
have associated the Dp71 expression to mental retardation,
short stature in DMD patients and gastric adenocarcinoma
prognosis (17-19).

Despite functional studies of Dp71, it has been necessary to
identify the transcription factors and gene elements involved in
its regulation in order to elucidate fully the pathways by which
Dp71 expression is regulated in tissues. It has been established
that the Dp71 promoter, which lacks a TATA box, can be trans-
activated by several transcription factors, including AP2a,
YY1, and members of the Sp family. For example, in mouse
myoblasts, the Dp71 promoter is consistently transactivated
by Spl and Sp3, but during differentiation these factors disap-
pear, resulting in downregulation of Dp71 (17). YY1, Spl and
Sp3 also transactivate the Dp71 promoter in hepatic cells (18),
while in neuronal cells the transactivation is mediated by Spl
and AP2a (19). Sp binding sites within the Dp71 promoter
are highly conserved, which implies that the Sp proteins
(particularly Spl) can exert similar effects on Dp71 expression
in different tissues and species.

The synthetic polyaromatic hydrocarbon, §-naphthoflavone
(B-NF), has been extensively used to analyze the effect of
xenobiotics on a large number of genes involved in metabolic
and adaptive processes (20,21). In previous studies, we showed
that both in vitro and in vivo expression of Dp71 in hepatic
cells is repressed by B-NF (22). More recently, we identified
different DNA elements on the Dp71 promoter that are crucial
for Dp71 expression in hepatic cells, including binding sites for
YY1 and the Sp family members. The functionality of these
DNA elements and proteins was confirmed by EMSA, chro-
matin immunoprecipitation, and site-directed mutagenesis
analysis (18). However, the underlying molecular mechanisms
by which B-NF inhibits Dp71 expression remain poorly studied.
The aim of the present study was to determine whether B-NF
represses Dp71 expression at the level of messenger RNA
stability or promoter activity.

Materials and methods

Cell cultures and treatments. Human HepG2 cells [American
Type Culture Collection (ATTC) Manassas, VA, USA;
HB-8065], derived from hepatoblastoma (23), were cultured in
Minimum Essential Media (Invitrogen, Carlsbad, CA, USA)
supplemented with 10% fetal bovine serum,2 m M L-Glutamine,
1.5 g/l sodium bicarbonate, | mM sodium pyruvate, 0.1 mM
non-essential aminoacids, penicillin (100 U/ml) and strepto-
mycin (100 xg/ml). Mouse Hepa-1 cells (ATCC; CRL-1830),
derived from hepatome, were cultured in Dulbecco's modified
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Eagle's medium (Invitrogen) supplemented with 10% fetal
bovine serum, 2 mM L-Glutamine, 4.5 g/l D-Glucose, peni-
cillin (100 U/ml) and streptomycin (100 pg/ml). Both cell lines
were incubated at 37°C in a humidified atmosphere with 95%
air and 5% CO,. Cells were seeded on 6-well culture plates
(1.5x10° cells per well) and treated for 24 h with 50 yM of
p-naphthoflavone (cat. no., N3633; Sigma, St. Louis, MO,
USA) diluted in dimethyl sulfoxide (DMSO) or with DMSO
alone as control (22). For all cell treatments, the final DMSO
concentration was adjusted to 0.1%. To inhibit transcription,
both B-NF-treated or DMSO-treated cells were exposed to
actinomycin D (50 ug/ml) for 0,4, 8, 12 and 16 h.

Total RNA extraction and reverse transcription-quantitative
polymerase chain reaction. Total RNA was extracted from
B-NF- or DMSO-treated Hepa-1 cells using the TRIzol
reagent (Invitrogen) according to the manufacturer's instruc-
tions. RNA concentration and purity were estimated by optical
density at 260 and 280 nm wavelength, and its integrity was
corroborated by electrophoresis on 1% agarose gels stained
with ethidium bromide. RNA was reversed transcribed with
the M-MLYV reverse transcriptase (Invitrogen) and subjected to
real-time qPCR for Dp71, r18S and cytochrome P450 1A1 gene
expression analysis, as previously described (22). RT-qPCR
was performed following the MIQE guidelines (22) with
the next conditions: Each 25-ul reaction mixture consisted
of 12.5 ul of 2X TagMan Master Mix (Applied Biosystems,
Carlsbad, CA, USA), 1.25 ul of forward/reverse primers
(25 uM each primer) and hydrolysis probe (10 M), and 3 ul
of cDNA. Amplification was performed under the following
conditions: pre-denaturation at 50°C for 2 min and 95°C for
10 min; denaturation at 95°C for 15 sec; annealing and exten-
sion at 60°C for 1 min. mRNA levels were normalized to the
expression of the 18S rRNA housekeeping gene (cat. 4310893E;
Applied Biosystems). Samples were processed and detected
in a real-time PCR 7500 Fast System (Applied Biosystems).
Assays were performed in technical replicates and nega-
tive controls where included in the same plate. Quantitative
analyses of gene expression were conducted using the 2-44¢4
formula (24), where the first ACq is the difference between Cq
values for Dp71 gene and r18S gene, and the AACq is the differ-
ence between ACq values of the $-naphtopflavone-treated and
control samples. Finally, 2 to the power of negative AACt gets
the fold gene expression.

Transient cell transfections and luciferase assays. The Dp71
promoter fragment (from -224 to +65) fused to luciferase
gene (18) was transfected in human HepG2 and mouse Hepa-1
cells with Lipofectamine 2000 reagent (Invitrogen), according
to manufacturer's instructions. Briefly, 3.6 ug of p224-Luc and
400 ng of phRL-CMYV plasmids (the latter used as a control
for normalizing transfection efficiency) were incubated with
250 ul of DMEM without serum for 5 min. In a separate micro-
tube, the plasmids were mixed with 10 ul Lipofectamine 2000
previously diluted in 250 xl of DMEM without serum. After
20 min of incubation at room temperature, DNA-Lipofectamine
complexes were added to 1x10° human or mouse cells. In each
assay, pGL3 Basic Vector and pGL3 Control Vector (Promega,
Madison, WI, USA) were transfected in parallel as negative
and positive controls, respectively. After 5 h, medium was
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replaced with DMEM supplemented with 10% fetal bovine
serum.

Twenty-four hours after transfection the cells were exposed
to 1, 5, 10 or 50 uM B-NF or 0.1% DMSO (control) for 24 h.
Before luciferase activity determination cells were washed
with 1X phosphate-buffered saline (PBS) solution, and then
homogenized with 1X Passive Lysis Buffer (Promega) for
15 min on an oscillatory shaker. Firefly and Renilla luciferase
activity was measured with the Dual-Luciferase Assay System
(Promega) and the Modulus Luminometer (Turner BioSystems,
Sunnyvale, CA, USA). Luciferase activity of DMSO-treated
cells was set as 100%. Blanks were analyzed by conducting
luciferase activity assays in untransfected cells. Luciferase
activity levels were normalized to the Renilla luciferase
activity levels of the phRL-CMV vector from the same cell
culture.

Preparation of nuclear extracts and electrophoretic mobility
shift assays (EMSAs). Nuclear extracts were prepared
according to Schreiber et al (1989) (25). Briefly, Hepa-1
cells were either untreated or exposed to 50 yuM B-NF or
0.1% DMSO (vehicle control) for 24 h. The cells were then
washed with cold 1X PBS, resuspended in 400 ul of cold
buffer A [10 mM HEPES, (pH 7.9), 10 mM KClI, 0.1 mM
EDTA, 0.1 mM EGTA, I mM DTT and 0.5 mM PMSF],
and incubated for 15 min on ice. Afterwards, 25 ul of 10%
Igepal CA-630 solution (Sigma-Aldrich, St. Louis, MO, USA)
was added to each sample, and cell disruption was performed
by aspirating the contents several times through a 22-gauge
needle. The samples were centrifuged at 2,000 x g for 5 min at
4°C. Supernatants were removed and the nuclear pellets resus-
pended in 50 pl of buffer C [20 mM HEPES (pH 7.9), 04 M
NaCl, I mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF)
with vigorous vortexing for 30 min at 4°C. Samples were then
centrifuged and the nuclear extracts isolated.

Nuclear extracts from untreated, DMSO-treated and
B-NF-treated hepatic cells were subjected electrophoretic
mobility-shift assays (EMSAs) using double-stranded oligo-
nucleotide probes (YY1 and Sp1/Sp3) (18). These probes
were end-labelled with [y-**P]-ATP (Amersham Pharmacia,
GE Healthcare, Buckinghamshire, UK) using 10 U of T4 poly-
nucleotide kinase (Invitrogen), according to the manufacturer's
instructions. EMSAs were carried out by two independent
experiments on ice for 20 min in a 20-ul reaction mixture
containing 10 mM Tris-HCI (pH 8.0), | mM MgCl,, 5 mM
NaCl, 0.5 mM EDTA (pH 8.0), 0.5 mM DTT, 4% glycerol,
15 ug nuclear extract,20 mM spermidine, 50 ng/ul poly(dI:dC),
and 0.2 pmol of probe. Samples were separated on native
polyacrylamide gels (6%) and visualized by autoradiography.

Statistics. Data are expressed as the mean + standard devia-
tion (SD). Statistical analyses were performed using the Mann
Whitney U test with STATA version 8.0 program (Stata
Corporation, College Station, TX, USA), and significant
differences were considered at P<0.05.

Results

To ascertain whether B-NF affects mRNA stability, Dp71
mRNA levels in Hepa-1 cells were measured by real-time
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Figure 1. Effect of §-NF on Dp71 mRNA half-life in Hepa-1 cells. DMSO-
and -NF-treated Hepa-1 cells were exposed to actinomycin D (5 pg/ml) at
different times (0 to 16 h) to inhibit the transcription. For each treatment,
total RNA was extracted and reverse transcription coupled to real-time PCR
was performed. Relative Dp71 mRNA expression levels were determined by
the 2°24°T method (28). (A) Decay of Dp71 mRNA in hepatic cells, where
the mRNA content of control cells (closed bars) at 0 h was set as 100%;
B-NF-treated cells (open bars). (B) Linear regression analysis of Dp71
mRNA decay in DMSO (closed squares) and 3-NF-treated cells (open
squares). Half-life was calculated at time when Dp7]1 mRNA content was at
50%. Data are expressed as the mean = SD. (error bars) of replicates from two
independent experiments. "P<0.05.

RT-qPCR. Our analysis confirms the transcriptional repres-
sion exerted by B-NF in a 60% decrease in the mean Dp71
mRNA level (P<0.05) that we previously observed, and it
demonstrates that this repression occurs in a time-dependent
manner and was maintained during transcription inhibition and
subsequent mRNA decay in response to actinomycin D treat-
ment (Fig. 1A). However, 3-NF did not alter the mean half-life
of Dp71 mRNA in hepatic cells compared to that in untreated
cells The Dp71 mRNA half-life in both DMSO-treated
(9.11+£2.9 h) and B-NF-treated hepatic cells (9.36+1.6 h) deter-
mined by our linear regression was not different (Fig. 1B).
As expected, CYP1AT1 expression in 3-NF-treated cells was
increased compared to that in DMSO-treated cells (data not
shown).

To determine whether the 3-NF-induced downregulation
of Dp71 transcription occurs at the promoter level, mouse and
human hepatic cells were transfected with a vector carrying
the Dp71 proximal promoter prior to B-NF treatment. Dp71
promoter full repression in both cell lines upon $-NF treat-
ment demonstrated that this xenobiotic interferes with Dp71
promoter activity (Fig. 2A), and f-NF downregulates Dp71
expression in a dose-dependent manner via suppressing Dp71
promoter activity rather than reducing Dp71 mRNA stability
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Figure 2. B-naphthoflavone represses Dp71 promoter activity in human and mouse hepatic cells. (A) Vector containing Dp71 promoter sequence (p244-Luc)
fused to firefly luciferase reporter gene was co-transfected into Hepa-1 (closed bars) and HepG2 (open bars) cell lines together with control plasmid expressing
Renilla reniformis luciferase, as described in Materials and methods. Cells were treated for 24 h with 50 xM B-naphthoflavone ($-NF) or with dimethylsulf-
oxide (DMSO) as control. (B) Dose-dependent repression of Dp71 promoter activity by f-NF (1 to 50 M) in Hepa-1 cells. Data shown are representative of
three independent experiments. Luciferase activity of DMSO-treated cells was set as 100%. Error bars indicate standard deviations.
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Figure 3. Effect of 3-naphthoflavone on Sp1/Sp3 and YY1 binding to the Dp71 proximal promoter. EMSAs were performed by incubating nuclear extracts
from Hepa-1 cells treated for 24 h with 50 M (-Naphthoflavone ($-NF) and dimethylsulfoxide (DMSO) as control. (A) Probe containing Y Y1-binding site.
(B) Probe containing Sp1/Sp3 binding site. Major DNA-protein complexes are indicated as C1 to C5. Hepa-1 cells with no treatment were used as control. Gel

image is representative of two independent results.

(Fig. 2B). Hepa-1 cells transfected with pGL3 control vector
(harboring CMV promoter) and exposed to 3-NF did not
exhibit significant suppression (data not shown).

We previously demonstrated, by supershift assays, the
binding of YY1, Spl, and Sp3 to Dp71 proximal promoter (18);
then we examined whether 3-NF alters the interaction of these
transcription factors. Nuclear extracts from DMSO-treated
and B-NF-treated hepatic cells were subjected to EMSA using

YY1 and Sp1/Sp3 binding probes. As shown in Fig. 3, B-NF
reduced binding of YY1 and Sp1/Sp3 to their respective DNA
elements (lanes 3, Fig. 3A and B, respectively), which has the
clear implication that B-NF or its metabolites downregulate
Dp71 expression in hepatic cell by inhibiting binding of these
transcription factors to the Dp71 proximal promoter. By other
hand, the probe bearing the XRE element (22) did not form
any specific complex (data not shown).
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Discussion

Dp71 is widely expressed in non-muscle tissues and displays
diverse functions in different tissues and cell types (15),
however the molecular mechanisms underlying its expres-
sion remain poorly studied. Previously, we demonstrated that
Dp71 expression is negatively regulated by the polyaromatic
hydrocarbon (3-NF as in vitro as in vivo in hepatic cells (22).
Moreover, we demonstrated different DNA elements on Dp71
promoter that are crucial for Dp71 expression in hepatic cells,
including binding sites for YY1 and the Sp family. The func-
tionality of these DNA elements were confirmed by EMSA,
chromatin immunoprecipitation and site-directed mutagenesis
analysis (18). In the present study, we explored the mechanisms
underlying the repressive effect of 3-NF on Dp71 expression.

To ascertain whether B-NF affects mRNA stability, Dp71
mRNA levels in Hepa-1 cells were measured by quantitative
real-time RT-qPCR. Our analysis confirms the transcriptional
repression exerted by 3-NF that we previously observed (22) and
demonstrates that this repression occurs in a time-dependent
manner. Despite this reduction in Dp71 expression, B-NF did
not change the stability of the mRNA transcript. The Dp71
mRNA half-life in both DMSO-treated and -NF-treated
hepatic cells determined by our linear regression analysis (9 h)
is markedly lower than that measured in myogenic cells (20 h)
by Tennyson et al (26). This difference could be due to differ-
ential transcriptional mechanisms operating in each cell type.

We also determined whether the f-NF-induced down-
regulation of Dp71 transcription occurs at the promoter
level by transfecting mouse and human hepatic cells with a
vector carrying the Dp71 proximal promoter prior to 3-NF
treatment. Our data indicate that 3-NF downregulates Dp71
expression in a dose-dependent manner via suppressing Dp71
promoter activity rather than reducing Dp71 mRNA stability.
Furthermore, we observed this f-NF-induced reduction of
Dp71 promoter activity in both HepG2 and Hepa-1 cell lines,
indicating that this mechanism is conserved between human
and mouse hepatic cells.

In functional studies, we have previously shown that
mutations of YY1- and Sp-binding sites in Dp71 promoter
significantly reduced its activity, and because the binding of
YY1, Spl, and Sp3 is relevant to Dp71 proximal promoter
activity (18), we examined whether B-NF alters this
interaction. B-NF remarkably decreased the binding of YY1,
Spl, and Sp3 to the Dp71 proximal promoter, which implies
that B-NF and/or its metabolites may inhibit the expression of
these transcription factors. Alternatively, this xenobiotic may
alter post-translational modifications of these transcription
factors, such as glycosylation, phosphorylation, ubiquitination,
or acetylation, thereby reducing the affinity of these nuclear
proteins for their respective DNA elements (27,28). Further
studies are required to determine how B-NF modifies YY1,
Spl, and Sp3 binding to the Dp71 promoter region.

Dp71 promoter sequence contains a single xenobiotic
response element (XRE) at the position -63/-59 (22). This
kind of element is recognized by the AhR/ARNT complex to
regulate positively numerous genes involved in cellular metab-
olism, detoxification process or inflammatory process (29,30).
Nevertheless, we failed to observe interaction between of XRE
and nuclear proteins from B-NF-treated hepatic cells, which
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indicate that the repressive effect of 3-NF on Dp71 promoter
activity is independent of the Aryl hydrocarbon receptor.

In conclusion, our study demonstrates that f-NF-induced
repression of Dp71 expression in hepatic cells take place at the
promoter level, via inhibition of YY1, Spl, and Sp3 binding to
the Dp71 promoter. Further studies are warranted to determine
whether 3-NF can alter the expression of other genes regulated
by these transcription factors.
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