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Abstract

We previously showed that treating vascular endothelial cells with 3-methylcholanthrene (3MC) caused cell-cycle arrest in
the Go/G1 phase; this resulted from the induction of p21 and p27 and a decreased level and activity of the cyclin-dependent
kinase, Cdk2. We further investigated the molecular mechanisms that modulate cell-cycle regulatory proteins through the
aryl-hydrocarbon receptor (AhR)/Ras homolog gene family, member A (RhoA) dependent epigenetic modification of
histone. AhR/RhoA activation mediated by 3MC was essential for the upregulation of retinoblastoma 2 (pRb2) and histone
deacetylase 1 (HDACT), whereas their nuclear translocation was primarily modulated by RhoA activation. The combination
of increased phosphatase and tensin homolog (PTEN) activity and decreased phosphatidylinositide 3-kinase (PI3K)
activation by 3MC led to the inactivation of the Ras-cRaf pathway, which contributed to pRb2 hypophosphorylation.
Increased HDAC1/pRb2 recruitment to the E2F1 complex decreased E2F1-transactivational activity and H3/H4 deacetylation,
resulting in the downregulation of cell-cycle regulatory proteins (Cdk2/4 and Cyclin D3/E). Co-immunoprecipitation and
electrophoretic mobility shift assay (EMSA) results showed that simvastatin prevented the 3MC-increased binding activities
of E2F1 proteins in their promoter regions. Additionally, RhoA inhibitors (statins) reversed the effect of 3MC in inhibiting
DNA synthesis by decreasing the nuclear translocation of pRb2/HDAC1, leading to a recovery of the levels of cell-cycle
regulatory proteins. In summary, 3MC decreased cell proliferation by the epigenetic modification of histone through an
AhR/RhoA-dependent mechanism that can be rescued by statins.
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Introduction genes, including cytochrome P-450(CYP), FAK, RhoA, p21/p27,
integrin, and fibronectin [2-5].

Environmental contamination by polycyclic aromatic hydro- The cell cycle is mediated by the activation of cyclins and cyclin-

carbons, such as 2,3,7,8-tetrachlorodibenzodioxin, polychlori-
nated biphenyls, and 3-methylcholanthrene (3MC) adversely
affects wildlife and human health. Biochemical and genetic studies

dependent kinases (Cdks), proteins that jointly initiate progression
from the G1 phase to the S phase of the cell cycle, and from the
) - o G2 phase to mitosis. The cyclins have been identified as cyclins A,
have shown that thc_ aCthI.l of 2,3,7,8-tetrachlorodibenzodioxin D1, D3, and E; and the most common Cdks are Cdk2 and Cdk4.
(TCDD) and 31\4_0 s medlate.d by aryl hy'dr(.)carbon receptors The cyclin A-Cdk2 and cyclin E-Cdk2 complexes form late in the
(AhRs). The AhR is a ligand-activated transcription factor and acts G1 phase, when cells are preparing to synthesize DNA [6] and the

as the receptor for polycyclic aromatic hydrocarbons, polychlori- formation of cyclin E is a rate-limiting step in the G1/S transition
nated biphenyls, and TCDD, which diffuses across plasma [7].

membranes and binds to the AhR complex present in the
cytoplasmic compartment [1]. Ligand AhR complexes are then
translocated into the nucleus, where they interact with the nuclear

The cyclin-Cdk complexes are regulated in cell-cycle
progression by Cdk inhibitors such as p21/Cipl and p27/Kipl,
which prevent abnormal proliferation by blocking catalytic activity
[8]. Our previous study showed that treating human umbilical

aryl hydrocarbon receptor nuclear translocator (Arnt) protein. cord vascular endothelial cells HUVECs) with 3MC increased the
Thereafter, the ligand-AhR-Arnt complex binds to the dioxin

) JHIPHEs - ¢ g upregulation of p21 and p27 and decreased the level and activity
responsive element (DRE) on DNA, initiating the transcription of )
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of Cdk2; these alterations resulted in cell-cycle arrest in the G0/
G1 phase [4].

E2 transcription factor (E2F) is known to regulate the G1/S
phase transition of the cell cycle by modulating the transcription of
essential cell-cycle control genes. Hypophosphorylated forms of
pRb bind to E2F, resulting in transcriptional repression. Simul-
taneously, pRb phosphorylation by the cyclin-Cdk complex or the
Ras-cRaf pathway releases E2F, which activates transcriptional
regulation in proteins regulated by the cell cycle [9,10]. Ras has to
be palmitoylated and consequently membrane-localized in order
to efficiently activate a downstream effector, c-Raf [11].
Additionally, c-Raf has been reported to bind physically to pRb
in growth-factor-stimulated cells, interacting with only the active
(hypophosphorylated) form of pRb and resulting in the increase of
pRb phosphorylation and cell-cycle progression [9]. Moreover, the
interaction between pRb and chromatin-modifying co-repressors
mediates the active repression of E2F-reponsive genes. It has been
reported that one member of the pRb family, pRb2/p130,
encodes a cell cycle regulatory protein and has been found
mutated in various tumors. The overexpression of pRb2/p130 not
only suppresses tumor formation in nude mice, but also causes the
regression of established tumor grafts, suggesting that pRb2/p130
modulates the angiogenetic balance [12].

Chromatin modification is crucial for gene regulation. For
example, histone deacetylation by histone deacetylases (HDAC:)
condenses the chromatin structure, thereby decreasing the
accessibility of transcription factors and resulting in the downreg-
ulation of target genes. By contrast, the reverse reaction is
catalyzed by histone acetyltransferases, which promote transcrip-
tional activation. Histone remodeling factors, such as the HDAC
family and CBP/p300, modulate the AhR-mediated gene
regulation [13]. Additionally, the effect of AhR agonists in cell-
cycle inhibition has been demonstrated extensively among various
cell types [14,15]. Previous reports have elucidated a direct
interaction between the AhR and pRb [16,17]. The activated
AhR,; which associates with the hypophosphorylated pRb [16],
results in Gy arrest [17,18]. The negative regulation has also been
shown in the physical interaction between AhR and pRb [19].
HDACI 1is essential for repressing Cyclin E gene expression by
recruitment to pRb-E2F complexes [20]. Nevertheless, the
involvement of AhR in epigenetic modification and its underlying
molecular mechanisms in regulating the cell cycle remain unclear.

The Rho family of GTPases (including Rho, Rac, and Cdc42)
has been identified as signaling molecules that regulate cytoskeletal
rearrangement and are involved in cellular functions such as
smooth muscle cell contraction and cell migration. Rac and Cdc42
respectively regulate lamellipodia and filopodia formation at the
leading edge of a migrating cell, and Rho enables the formation
and maintenance of focal adhesions [21]. RhoA is widely
considered a regulator of F-actin stress fiber formation. We
previously showed that AhR not only upregulated RhoA levels
through a genomic pathway, but also increased RhoA activity by
blocking the negative feedback of FAK/p190RhoGAP. Addition-
ally, RhoA activation results in stress fiber formation and the anti-
migratory effect of SMC in HUVECG:s [3]. A recent study showed
that RhoA enhances the nuclear translocation of NF-kB, thereby
affecting the transcription regulation of inflammatory genes in cells
exposed to a thrombin challenge [22]. However, further investi-
gation is required to determine whether RhoA activation is
associated with an increased nuclear translocation of other
transcription factors in cell-cycle regulation.

In considering our previous finding of cell-cycle arrest in the
G0/G1 phase by 3MC, we explored the hypothesis that AhR/
RhoA activation involves epigenetic modification of chromatin,
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which in turn inhibits cell-cycle regulatory genes and leads to
reduced DNA incorporation. Based on the molecular mechanisms
underlying the action of 3MC, we investigated whether RhoA
inhibitors (simvastatin and pravastatin) can protect vascular
endothelial cells from AhR-mediated anti-proliferation.

Materials and Methods

Mouse cerebral vascular endothelial cells (MCVECs)

primary cultures and reagents

The MCVECs were prepared as described previously [23]. All
procedures were conducted in accordance with the Taipei medical
university animal care and use rules (licenses No. LAC-99-0205)
and an Association for Assessment and Accreditation of Labora-
tory Animal Care approved protocol. The MCVECs were
obtained from 6 male Balb/c mice (aged 3-4 wk). The animals
were anesthetized intramuscularly with a combination of ketamine
(8 mg/100 g body weight) and xylazine (2 mg/100 g). Briefly, the
mice were perfused and decapitated. After removing the meninges,
white matter, and superficial blood vessels, the mice cortices were
minced and gently dissociated in an ice-cold Hank’s balanced salt
solution (GIBCO, Grand Island, NY). The gray matter was
homogenized and filtered, and the resulting microvessel fraction
was then digested with collagenase/dispase at a concentration of
1 mg/mL (Sigma-Aldrich, St. Louis, MO) for 6 h at room
temperature. After centrifugation, the pellet containing the
MCVECs was washed with Dulbecco’s Modified Eagle’s Medium
(DMEM, GIBCO), and maintained in the DMEM supplemented
with 10% fetal bovine serum (FBS) in a humidified incubator
(37°C, 5% COy). The cells were stained with CD31 for the
identification of vascular endothelial cells. Cells from passages 10 to
25 were used. The DMEM, FBS, and tissue culture reagents were
obtained from Life Technologies (Gaithersburg, MD). Additional
reagents were purchased from the following sources: 3MC from
Supelco (Bellefonte, PA); YS-49 (a PI3K activator), simvastatin, and
pravastatin from Sigma-Aldrich (St. Louis, MO); Y27632 from
Calbiochem (San Diego, CA); N-[5-(2-(2,6-dichloro-phenyl)-5-
difluoromethyl-2H-pyrazol-3-yl)-thiazol-2-yl] (bpV [phen]; a PTEN
inhibitor) from Santa Cruz Biotechnology (Santa Cruz, CA); and
BMS-5 (a LIM kinase [LIMK] inhibitor) from Activate Scientific
GmbH (Prien, Germany).

Transfection of AhR/HDAC1 small interfering (si)RNAs
and RhoA/Ras variants, and reverse-transcription
polymerase chain reaction (RT-PCR) analysis

AhR siRNA (UUACUAUCUUGAAAGAGCCct) and HDAC1
siRNA (AGUGCUGUGAAGCUUAAUATT) duplexes were
chemically synthesized using Ambion (Austin, TX) and MDBio,
Inc. (Taipei, Taiwan), respectively. The MCVECs were seeded in
6-well plates and transfected with 5 pmol of AhR siRNA or
20 pmol of HDACI siRNA in a 100 pL volume with a TransIT-
TKO transfection reagent (Mirus Bio Corporation, Madison, WI).
The RhoA complementary (c) DNAs (T19N dominant negative
[DN] and Q63L constitutive active [CA]) in pUSEamp were
purchased from Millipore (Burlington, MA), and dominant
negative H-Ras (S17N) was obtained from Upstate Biotechnology
(Lake Placid, NY). We transfected the pUSEamp-overexpressing
variants (4 pg/3.5 cm Petri dish) into the MCVECs by using the
jetPEITM system (Polyplus-transfection, San Marcos, CA). After
transfection, cells were plated in DMEM with a 10% FBS.

We used the method described previously [24] to obtain total
RNA for the RT-PCR analyses, with minor modifications.
Sequences of the primer pairs for amplification of each gene were
5"-CATTCCTCTTCCCCTCATCA-3’ and 5'-GCAGCCCA-
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GAAGAATTTCAG-3" (for the Cdk2 gene; 238 bp); 5'-
CAATGTTGTACGGCTGATGG-3" and 5'-CAGGCCGCT-
TAGAAACTGAC-3" (for the Cdk4 gene; 178 bp); 5'-
AGACCTTTTTGGCCCTCTGT-3" and 5'-GTCCACTT-
CAGTGCCTGTGA-3" (for the cyclin D3 gene; 176 bp); 5'-
CCTCCAAAGTTGCACCAGTT-3" and 5'-GGACGCA-
CAGGTCTAGAAGC-3" (for the cyclin E gene; 241 bp); and
5'-CCACCATGGAGAAGGCTGGGGCTCA-3" and 5'-AT-
CACGCCACAGTTTCCCGGAGGGG-3" (for the GAPDH

gene).

Preparation of cell fractions (nuclear, cytosolic, and
membrane) and western blot analysis

The MCVECs were harvested in 10-cm?® dishes after the
indicated treatment. The cells were partitioned into cytosolic and
nuclear fractions using NE-PER™ nuclear extraction reagents
(Pierce, Rockford, IL) with the addition of protease inhibitors,
according to manufacturer instructions. To prepare membrane-
cytosolic fractions, after the indicated treatment, the cells were
collected and incubated in 0.1 mL of hypotonic buffer (10 mM of
Tris [pH 7.5], 0.5 mM of EDTA, and 2 mM of phenylmethyl-
sulfonyl fluoride) at 4°C for 30 min. After centrifugation, the
supernatant (cytosolic fraction) was collected, and the pellet was
resuspended in 0.1 mL of radioimmunoprecipitation assay buffer,
and then incubated at 4°C for 30 min. The resulting fractions
were sheared 100 times through an insulin syringe using a 29-
gauge needle. After centrifugation, the supernatant (membrane
fraction) was collected for analysis. The cell lysates (30 pg) were
electrophoresed on a 10% sodium dodecylsulfate (SDS)-polyacryl-
amide gel and then transblotted onto a Hybond-P membrane (GE
Healthcare, Hong Kong).

The assay included antibodies for the following: pc-Raf (Cell
Signaling Technology, Beverly, MA); Histone H3/H4, pRb2,
E2F1, H-Ras, a-tubulin (Santa Cruz Biotechnology); cyclin D3/E,
Cdk2/4, pRb2 (BD BioSciences PharMingen, San Diego, CA);
HDAC1 (Abcam, Cambridge); VE-cadherin (Sigma-Aldrich, St.
Louis, MO, USA); pPTEN, c-Raf (Epitomics, Burlingame, CA);
and GAPDH (Biogenesis, Kingston, NH). The cell lysate (50 pg)
was electrophoresed on an 8% SDS-polyacrylamide gel and was
then transblotted onto a Hybond-P membrane (GE Healthcare).
The following procedures were previously described [24].

Constructs of the E2 transcription factor (E2F) and DRE

enhancers and luciferase activity assay

A luciferase reporter plasmid driven by the E2F was prepared
for the assay. In brief, the oligonucleotide with a quadruple repeat
of the E2F obtained from the human B-myb promoter
(CTTGGCGGGAGA) was cloned into the Kpnl and BglII sites
of the pGL2-promoter vector (Promega, Madison, WI), and was
designated pGL2-E2F [25]. Similarly, the oligonucleotide with a
triple repeat of the DRE obtained from the rat CYP1A1 enhancer
region (GAGTTGCGTGAGAAGAGCC) was cloned into the
pGL2-promoter vector and designated pGL2-3DRE, as described
previously [4]. For the reporter activity assay, cells were seeded in
24-well plates at a density of 5x10* cells/well. Cells in each well
were transiently transfected with 0.55 pg of plasmid DNA
containing 0.05 pg of the Renilla luciferase construct pRL-TK
as an internal control (Promega), and 0.5 pg of pGL2-E2F
promoter firefly luciferase. We used the jetPEITM system
(Polyplus-Transfection, San Marcos, CA) to prepare the
MCVEGCs. After transfection (4 h), the medium was replaced with
fresh medium supplemented with 10% FBS, and incubation
continued for another 20 h. Luciferase activities were recorded
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using a TD-20/20 luminometer (Turner Designs, Madison, WI)
with a dual luciferase assay kit (Promega), according to manufac-
turer instructions. The experimental reporter luciferase activity
was calculated by normalizing the intrinsic activity measured for
samples corresponding to the pGL2-promoter, and the value to
obtain the transfection efficiency as measured according to the
activity derived from pRL-TK.

Co-immunoprecipitation

The pRb2, E2F1, c-Raf, or HDAC1 was immunoprecipitated
from 200 pg of protein by using anti-pRb2 or anti-E2F1
antibodies (2 pg) and protein A and G agarose beads (20 pg).
The precipitates were washed 5 times with a lysis buffer and once
with PBS. The pellet was then resuspended in the sample buffer
(50 mM of Tris, [pH 6.8], 100 mM of bromophenol blue, and
10% glycerol) and incubated at 90°C for 10 min before
electrophoresis, to release the proteins from the beads.

Electrophoretic mobility shift assay (EMSA) and
chromatin immunoprecipitation (ChIP) assay

The EMSA was performed as described in [26], with minor
modifications. To prepare the nuclear protein extracts, MCVECs
in 10-cm? dishes were treated with 100 nM of 3MC for 1 h after
1 h of simvastatin pretreatment and then subjected to NE-PER™
nuclear extraction reagents (Pierce, Rockford, IL) with added
protease inhibitors. Subsequent procedures for the nuclear protein
extraction involved following manufacturer instructions. Sequenc-
es of the oligonucleotides used were as follows: 5'-GG-
AACTGCGGGAAAGTTGTG-3"  wild-type (WT) and 5'-
GGCCCTTATTGCCCGTTTTG-3" mutant (mut) for the E2F-
responsive clement (RE) WT and mutant of Cdk2; 5'-CC-
AATGGCGGGAAGTGGGGC-3" WT and 5 -ACCATTTAT-
GTCCGTGGTTC-3" mut for the E2F-RE WT and mutant of
Cdk4; 5'-TTCCTCTTTCCTGCCTTCCT-3'WT and 5'-TTC-
AGATGGACGTAATTACT-3'mut for the putative E2F-RE WT
and a mutant of Cyclin D3; and 5’-CTCAGGGGCGGGGAG-
GACGA-3" WT and 5'-CTCCGGTTATGITCGTCAGA-3’
mut for the putative E2F-RE WT and mutant of Cyclin E,
respectively. (The conserved and mutated sequences are shown
with single and double underlining, respectively).

The oligonucleotides were end-labeled with biotin according to
manufacturer protocol (Pierce Biotechnology, Rockford, IL). In
brief, unlabeled oligonucleotides (1 pM) were incubated in a TdT
reaction buffer containing biotin-11-dUTP (0.5 pM) and TdT
(0.2 U/pL) at 37°C for 30 min. This was followed by adding
2.5 pLL of EDTA (0.2 M, pH 8.0) to stop each reaction, and the
addition of 50 pL of chloroform/isoamyl alcohol to extract the
TdT. The extracted nuclear proteins (10 pg) were incubated with
biotin-labeled (1 pmol) probes at 15°C for 30 min in a binding
buffer containing 1 pg of poly deoxyinosinedeoxycytidine (Pa-
nomics, Redwood City, CA). For competition with labeled
oligonucleotides, a 100-fold molar excess of unlabeled oligonucle-
otides relative to biotin-labeled probes was added to the binding
assay. The mixture was separated on a 6% nondenaturing
polyacrylamide gel at 4°C in 1x TBE (90 mM of Tris borate
and 2 mM of EDTA; pH 8.3) and was then transblotted onto a
Hybond N* membrane (Amersham Pharmacia Biotech, Freiburg,
Germany). Blots were incubated with a blocking buffer, followed
by additional streptavidin-horseradish peroxidase conjugates. Blots
were imaged using an enhanced chemiluminescence system.

A ChIP assay was performed according to the instructions of
Upstate Biotechnology (Lake Placid, NY) with minor modifica-
tions. In brief, 6x10° cells that were cultured in 10-cm? dishes
with the indicated treatments were harvested. The resulting
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supernatant was subjected to overnight co-immunoprecipitation
(co-IP) using either an anti-E2F1 or anti-pRb2 antibody. The
DNA filtrates were amplified by performing a PCR with primers
flanking the promoter of Cyclins D3 and E, Cdk2, and 4 genes
containing the putative HDAC1/pRb2-E2F1-binding sites. These
were Cdk2 forward primer 5-GGGGTGGTGAAAATTGT-
GAG-3’" and reverse primer 5-TCCGATTGGTTCACGT-
CAC-3'; Cdk4 forward primer 5-TAGCCGAGCGTAAGGT-
GAGT-3" and reverse primer 5'-CATCGCACTAGGCA-
CAAAGA-3’; Cyclin D3 forward primer 5'-GGCTGAGCAGA-
GAGAGCAGT-3" and reverse primer 5 -TGAAGACAGAGG-
CAAGCAGA-3'; and Cyclin E forward primer 5'-GAATG-
GGTGGATGAATGGAC-3" and reverse primer 5'-CGGAGT-
TAAGAACCCGTCAT-3'. In addition, the template was re-
placed with double-distilled HyO as a negative internal control.
The PCR products were electrophoresed on a 2% agarose gel;
products of the expected sizes of 193 bp, 285 bp, 208 bp, and
245 bp were visualized and quantified using an image analysis
system.

5-bromo-2-deoxyuridine (BrdU) incorporation and
immunofluorescence

The MCVECs were pretreated with simvastatin or pravastatin
for 1 h; thereafter, they were subjected to 16 h of a 3MC
challenge. Prior to harvesting, the cells were pulsed with BrdU
(Invitrogen; 0.75 pg/mL) for 15 h. The cells were fixed in 3.7%
formaldehyde and permeabilized with 0.2% Triton X-100 in
phosphate-buffered saline. The cells were stained with a mouse
anti-BrdU antibody-conjugated with a Texas Red (Jackson
ImmunoResearch Laboratories, West Grove, PA). The DNA
was stained with 4', 6-diamidino-2-phenylindole (DAPI, Invitro-
gen). The red-positive cells represented the BrdU incorporation.
Fluorescence was viewed using a CCD camera (DP72, Olympus,
Melville, NY) attached to a microscope system (BX51, Olympus)
at 200x magnification. Four coverslips were examined in each
experimental group.

Statistical analysis

Values are expressed as the mean * the standard error of the
mean (SEM) for data from at least 3 experiments. The p-values for
the differences in means between experimental and control groups
were calculated using the Student’s t-test or a one-way ANOVA
with the Bonferroni method applied as a post hoc test. A value of
P<0.05 was considered statistically significant.

Results

Alterations in Ras/pc-Raf/pRb2/HDACT in relation to the
decreased levels of cell-cycle regulatory proteins by 3MC

To verify the previous finding that 3MC activates RhoA
through an AhR-dependent mechanism in HUVECs [3], we used
CYPIAI, an AhR downstream effector, as a positive control to
investigate the effect and AhR/RhoA action of 3MC in CMVECs
and its underlying mechanisms. The concentration of 100 nM
3MC was chosen based on the concentration-dependent effects of
3MC in the induction of CYP1AL1 (Figure S1A), and on the EC50
of 3MC observed in the DRE luciferase assay of MCVECs (Figure
S1B). The MCVECs were transiently treated with 3MC at the
indicated times with the evidence of CYPIAI induction as the
result of 3MC-mediated AhR activation (Figure 1A). 3MC
significantly increased the nuclear content of AhR levels as
CYPIAI expression increased as early as 10 min after 3MC
treatment was administered. The treatment with 3MC time-
dependently reduced active forms of Ras and c-Raf in membrane
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fraction, and p-cRaf, whereas the MAPK family (Erk1/2, JNK,
and p38) was not significantly altered. The alteration in Ras/c-Raf
by 3MC was accompanied by a time-dependent inhibition of cell-
cycle regulatory proteins (Figure 1). The affected genes and
proteins included Cdk2/4 and Cyclin D3/E, and the observations
were performed between 4 and 6 h after 3MC treatment
(Figure 1B). In addition, the inactivation of Ras and c-Raf by
3MC was preceded by pRb2 hypophosphorylation and HDAC1
upregulation, but no significant alterations in HDAC2/4 levels.
This led to H3/H4 deacetylation (Figure 2A). Immunofluorescent
staining confirmed that the 3MC challenge increased the nuclear
translocation of pRb2 and HDACI between 1 and 4 h after
treatment (Figure 2B). The effect of HDACI activation on gene
regulation of the cell-cycle regulatory proteins was investigated by
applying stHDACI, and the results were examined using Western
blot analysis (Figure 2C). The results showed that siHDACI
significantly reversed the 3MC-mediated H3/H4 deacetylation at
1 h in concomitant recovery in histone acetylation; furthermore, at
6 h after treatment, the protein levels of Cdk2/4 and Cyclin D3/E
were rescued by the HDACI1 knockdown. In accordance with
Pang et al., [4], we executed the experiments by using the loss-of-
function HDAC1 approach to examine the functional significance
of the downregulation of these cell-cycle regulatory proteins
through epigenetic modulation in relation to the induction of p21/
p27 by 3MC. In addition to the knockdown of p21/p27, the cells
were simultaneously transfected with siHDAC1, and the preven-
tion of cellular number reduction was compared with p21/p27-
silencing cells. The results in Figure 2D demonstrate that cells
transfected with siHDAC]1 can increase cellular proliferation by
approximately 33% in response to 24 h of the 3MC challenge.
Additionally, the combined transfection of siHDAC]1 with sip21/
sip27 can further increase cell proliferation to a level comparable
to the 24 h control group, suggesting that in addition to the effects
from p21 and p27, HDACI plays an addictive role in recovering
the reduced cell proliferation caused by the 3MC challenge.

Effects of AhR and RhoA activation on pRb2/HDAC1 gene
regulation and subcellular localization

Our previous studies have shown the key roles of AhR and
RhoA in 3MC-mediated alterations of the vascular endothelial
cells, including cellular proliferation, migration, the gene regula-
tion of fibronectin, and a5B1 expression [3,5]. In this study, we
used the technique of gain- and loss-of-function of AhR and RhoA
to examine the role of RhoA in pRb2/HDACI gene regulation,
and subcellular localization. Cells displaying AhR knockdown or
the overexpression of CARhoA or DNRhoA were harvested and
fractionated after the 3MC challenge. The results (Figure 3A)
indicated that AhR-silencing cells reduced the active form of Ras
in membrane and p-cRaf at 10 or 20 min after the 3MC
challenge. This was followed by reversed levels of pRb hypopho-
sphorylation and HDACI; thereafter, at 60 min following
treatment, H3/H4 acetylation was observed (Figure 3A). Prior
studies have similarly shown that increased RhoA levels and
activity caused NF-kB nuclear translocation. Therefore, we
examined the effect of RhoA activation on pRb2/HDACI
nuclear translocation in cells overexpressing CARhoA and
DNRhoA, followed by cytosolic and nuclear fractionation. The
results showed that cotransfection with constitutively active RhoA
(CARhoA) mimicked the effect of 3MC in increasing the nuclear
translocation of pRb2/HDACI1 (Figure 3B). By contrast, cotrans-
fection with a dominant negative RhoA (DNRhoA) showed the
opposite effects in reversing the nuclear levels of pc-Raf, hypopho-
sphorylated pRb2, HDAC1 and the histone H3/H4 deacetylation
caused by 3MC. Their functional impact in cellular proliferation
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Figure 1. 3MC-mediated inactivation of Ras and c-Raf in relation to suppression of Cdk2/4 and Cyclin D3/E1 expression in MCVECs.
(A) Cells were transiently challenged by 3MC (0 to 20 min) and then active forms of AhR, RhoA, Ras, c-Raf, and the MAPK family were analyzed using
Western blot analysis of the indicated subcellular fractions. Anti-GAPDH, anti-Lamin A/C, and anti-VE-cadherin antibodies were used to verify the
equivalent loading amounts of the cytosolic, nuclear, and membrane fractions, respectively. (B) Cells were treated with 3MC for a prolonged period (4
or 6 h) to investigate the effect of 3MC on cell-cycle regulatory proteins, including Cdk2/4 and Cyclin D3/E with CYP1A1 as a positive control for the
AhR action of 3MC in Western blot analyses. Total RNA was extracted and analyzed, and GAPDH was used as an internal control. The data are
presented as mean = SEM for 3 independent experiments ("P<0.05 vs. control group).

doi:10.1371/journal.pone.0092793.g001

was assessed by counting the number of cells. Cells overexpressing
CARhoA mimicked the effect of 3MC in the reduction of cell
numbers, whereas those with DNRhoA significantly alleviated the
reduced cell proliferation caused by the 3MC challenge. We also
investigated the involvement of RhoA downstream effectors
(ROCK and LIMK) in the 3MC-mediated increased nuclear
translocation of pRb2/HDACI; for this assessment we used
Y27632 and BMS-5, inhibitors of ROCK and LIMK respectively.
The results (Figure 3C) show that Y27632 and LIMK inhibitors
can partially prevent 3MC-mediated increases in pRb2/HDACI
nuclear translocation, implying a crucial role of RhoA activation
in this event.

Essential roles of PTEN, PI3K and Ras in 3MC-mediated
chromatin deacetylation through a c-Raf and pRb2-
dependent pathway

We previously demonstrated that 3MC treatment increased
PTEN activity, which in turn decreased PI3K activity [5]. In the
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current study we examined the effect of 3SMC-mediated alteration
in the PTEN/PI3K pathway for pRb2 hypophosphorylation. We
used the PTEN inhibitor bpv and the PI3K activator YS-49 for
this assessment. The results (Figure 4A) show that in cells treated
with bpv or YS-49, the 3MC-mediated Ras and c-Raf inactivation
were reversed. This suggested that Ras and c-Raf inactivation
were regulated by both PTEN (positive) and PISK (negative). We
then transfected cells with dominant negative Ras (DNRas) to
examine whether the inactivation of Ras would mimic the effect of
the 3MC on c-Raf dephosphorylation, thus resulting in pRb2
hypophosphorylation. Cells overexpressing DNRas displayed an
effect similar to the 3MC in histone H3/H4 deacetylation, in a
manner that depended on c-Raf/pRb2; this finding suggests that
Ras plays an essential role in such regulation (Figure 4B).

Increased HDAC1-E2F1 complex formation and the

decreased E2F-driven transactivation by 3MC thereafter
A co-immunoprecipitation assay was employed to examine

whether the increased nuclear translocation would cause pRb2
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Figure 2. Effects of HDAC1/pRb2 nuclear translocation induced by 3MC in the downregulation of cell-cycle regulatory proteins by
histone deacetylation. (A) Cells were harvested and fractionated from MCVECs treated with 100 nM of 3MC at the indicated times, and were
analyzed using Western blot. Anti-GAPDH, anti-Lamin A/C, and anti-VE-cadherin antibodies were used to verify the equivalent loading amounts of the
cytosolic, nuclear, and membrane fractions, respectively. The open and closed arrowheads represented the hyper and hypophosphorylated pRb2,
respectively. (B) The effect of 3MC on RB2 and HDAC1 subcellular localization was investigated using immunofluorescent chemical staining. Cells
cultured in coverslips were challenged by 3MC for 1 h; this was followed by fixation and hybridization using anti-pRb2 and anti-HDAC1 antibodies
and then a second antibody conjugated with Texas Red. In Figure 2B, red represents pRb2 or HDAC1-positive staining in the cytosol or nuclei. The
identical fields were also stained using DAPI to target the nuclear position. We used 630 x magnification (scale bar in white =50 pum) and recorded
micrographs of the representative fields. (C) Cells were transfected with siHDAC1 (20 nM) overnight, prior to treatment with 3MC for 1 or 6 h. The
protein levels of acetylated H3/H4, Cdk2/4, and Cyclin D3/E were assayed using Western blot. Membranes were probed using an anti-GAPDH
antibody to verify equivalent loading. Three samples were analyzed in each group, and the values reported represent mean * SEM (*P<<0.05 vs.
control group; #P<0.05 vs. 3MC treatment alone). (D) Cell numbers were counted for cells with indicated siRNA transfection followed by a 24 h of the
3MC challenge by using a hemo-cytometer. Data are presented as mean * SEM of 3 independent experiments (¥*P<<0.05 vs. control or siRNA group;
#P<0.05 vs. 3MC treatment alone).

doi:10.1371/journal.pone.0092793.g002

and HDACI (Figure 2B) to interact with each other or participate increased the interaction between pRb2 and HDACI, but also
in the E2F1 complex formation. The Co-IP results from using an enhanced the AhR recruitment to this complex. In addition, a Co-
anti-pRb2 antibody showed that the 3MC challenge not only IP assay using an anti-E2F1 antibody (Figure 5A) showed that
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Figure 3. Essential role of AhR/RhoA activation in pRb2/HDAC1 upregulation and nuclear translocation induced by 3MC in
MCVEGCs. Cells were transfected with siAhR (A), DNRhoA, or CARhoA (B) overnight, with or without 3MC treatment for 1 h and separated into
membrane, cytosolic and nuclear fractions. Western blot analysis was used to examine Ras/c-Raf cytosolic-cmembrane distribution and AhR/pRb2/
HDAC1 cytosolic-nuclear distribution by cellular fractionation. The effects of DNRhoA and CARhoA in cell proliferation were assessed by counting the
cell numbers using a hemo-cytometer. Data are presented as mean = SEM of 3 independent experiments. (C) Cells received a 1 h pretreatment with
a ROCK inhibitor (Y27632) or a LIMK inhibitor (BMS-5), followed by 1 h of the 3MC challenge; the cells were then harvested and partitioned into
nuclear and cytosolic fractions. Phosphorylation of myosin light chain and cofilin were used as positive controls for the actions of Y27632 and BMS-5,
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doi:10.1371/journal.pone.0092793.g003

E2F1 was part of the pRb2-HDAC1 complex; the interaction of
this complex with c-Raf was decreased by the 3MC treatment of
the MCVECGs. These finding suggest that c-Raf participates in
pRDb2 phosphorylation. To dissect protein interaction in different
cell compartments, cells with cytosolic-nuclear fractionation were
immune-precipitated with anti-E2F1 antibody for analyzing its
interaction with Rb2. After cytosolic and nuclear fractionation of

Alleviation of the increasing binding activities of E2F1
and HDAC1 to the promoters of cell-cycle regulatory
proteins in 3MC-treated MCVECs by simvastatin

To determine the effect of 3MC on the binding of E2F1 and
HDACI to E2F-RE in the promoter regions of Cdk2/4 and
Cyclin D3/E, we performed an EMSA and a chromatin IP assay.
Based on the silico analysis using Matlnspector professional

cell lysate, the results in Figure 5A showed augmented E2F1-pRb2
interaction upon 3MC challenge in nuclear fraction, but reduced
interaction in cytosolic fraction. Additionally, we observed that
only a single band of pRb2 was found in the immune-precipitates
using an anti-E2F1 antibody, which is a hypo-phosphorylated
form of pRb2, based on its molecular weight. No any hyper-
phosphorylated pRb2 protein band was observed in immunopre-
cipitates of cytosol and nuclear extracts of cell lysates with E2F
antibody, either treated or untreated with 3MC. Moreover, we
examined the effect of a 3MC-mediated increase on HDACI
recruitment to the E2F1 complex in E2F transactivational activity
using an E2F-driven luciferase reporter. The results (Figure 5B)
show that 3MC significantly decreased E2F transactivational
activity, compared with the control group.

PLOS ONE | www.plosone.org

software, putative E2F-REs in these target genes were identified at
the following positions: —369 bp to —353 bp for Cdk2, —373 bp
to —357 bp for Cdk4, —1660 bp to —1644 bp for Cyclin D3, and
—1233 bp to —1217 bp for Cyclin E. The results (Figure 6A)
using putative E2F-RE derived from their promoter regions show
that 3MC increased the DNA-binding activities of E2F1 to E2F-
RE. In light of the dependence of RhoA activation in augmenting
nuclear translocation of pRb2/HDACI to form an E2F1 complex
in MCVECs (Figure 3), we examined whether treatment with
simvastatin, which is an inhibitor of RhoA activation, would
prevent 3MC-mediated increases in the binding activities of E2F1
with the promoters of the target genes. The binding activities were
abolished by simvastatin, their respective mutants, and competi-
tion from a 100-fold molar excess of unlabeled oligonucleotides
(relative to the biotin-labeled probe). Furthermore, we examined
the effects of 3MC on the association of HDAC1 with E2F1-REs
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doi:10.1371/journal.pone.0092793.9g004

in their target promoters, using a ChIP assay. We caused a 3MC-
induced association between HDAC]1 and the E2FI1-responsive
elements by using an anti-HDACI antibody to pull down the
target fragments. The immunoprecipitated E2F-binding site
fragments were amplified by RT-PCR to examine the association
using primers derived from the target promoters. The ChIP assay
(Figure 6B) showed that 3MC increased the levels of enrichment of
the promoters of Cdk2/4 and Cyclin D3/E at 1 h of treatment,
which were alleviated by an additional treatment with simvastatin.

Statin derivatives rescued 3MC-mediated
downregulation of Cdk2/4 and Cyclin D3/E and BrdU
incorporation by RhoA inactivation

Our findings show that 3MC-mediated RhoA activation was
essential for the epigenetic modification of histones through a
pRb2/HDAC1-depedent pathway. We examined whether treat-
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ment with simvastatin and pravastatin would prevent a 3MC-
mediated decreased expression in cell-cycle regulatory proteins
using Western blot analysis. The results (Figure 7A) show that
simvastatin and pravastatin significantly decreased the activated
form of RhoA, RhoA-GTP, and then eliminated the nuclear
translocation of pRb2 and HDACI in a c-Raf-dependent fashion;
this resulted in the recovery of histone H3/H4 acetylation. The
results also indicate that statin derivatives rescued 3MC-mediated
decreases in Cdk2/4 and Cyclin D3/E induction. In addition and
unexpectedly, simvastatin or pravastatin decreased the levels of
pRb2/HDACI. This observation might be attributable to the
reduction in AhR nuclear translocation (Figure 7A) and thereafter
its downstream target gene transactivation. In agreement with the
prevention of 3MC-mediated downregulation of Cyclin D3/E and
Cdk2/4 by statins, the inactivation of RhoA in cells overexpressing
DNRhoA significantly restored the levels of cell-cycle regulatory
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doi:10.1371/journal.pone.0092793.g005

proteins reduced by 3MC, as shown in Figure 7B. Additionally,
one of our previous studies showed that 3MC caused cell-cycle
arrest in the GO/G1 phase. Herein, BrdU incorporation and cell
counting assays were used to examine the potential of simvastatin
and pravastatin in preventing 3MC-mediated anti-proliferation.
As shown in Figure 7C, the inhibition of DNA incorporation by
3MC was significantly rescued by pretreatment with either
simvastatin or pravastatin. However, we did not observe
significant cell death using a TUNEL assay after 17 h of 3MC
treatment (data not shown), suggesting that cell death might not
contribute to the significant reduction in DNA synthesis.
Significant cell death was not observed until 24 h of 3MC
treatment (data not shown). Figure 7D shows that a significant
reduction in cell number was apparent at 2448 h, butnotat 17 h
of the 3MC challenge. The reduced cell numbers caused by 3MC
was significantly rescued by pretreatment with either simvastatin
or pravastatin; this finding suggests the critical role of RhoA in
3MC-mediated reduction of cellular proliferation.

Discussion

Our previous study using HUVECs showed that treatment with
a 3MC arrested the cell cycle in the GO/G1 phase and exerted
antiangiogenic and antiadhesive effects [27]. We subsequently
showed that p21 and p27 were associated with the antiproliferative
effects of 3MC in HUVEGs, with induction occurring through
functional DRE enhancers in the promoter regions of p21 and p27
[4]. Herein, we showed that 3MC-mediated AhR/RhoA activa-
tion was responsible for the epigenetic modification of chromatin
in the gene regulation of the cell-cycle regulatory proteins
in MCVEGs. This modification resulted in decreased DNA

PLOS ONE | www.plosone.org

incorporation and proliferation in the cells treated with 3MC (as
summarized in Figure 8).

In the current study, we examined the effects of 3MC treatment
on MCVECGs. The results show that the AhR/RhoA activation
induced by 3MC increased pRb2/HDACI upregulation and
pRb2 hypophosphorylation, with the hypophosphorylation occur-
ring through a PTEN/PI3K/Ras/c-Raf-dependent pathway.
Inductions of pRb2/HDACI were then translocated into nuclei
to form a complex with E2F1, which caused the downregulation of
cell-cycle regulatory proteins, including Cdk2/4 and Cyclin D3/E.
Thereafter, DNA incorporation was decreased (Figure 7C).
Further evidence using the gain- and loss-of-function of AhR/
RhoA and pharmaceutical inhibitors of the RhoA downstream
targets ROCK and LIMK showed that RhoA is responsible for
the nuclear translocation of pRb2/HDACI normally induced by
3MC (Figure 3). A recent study reported similar findings in
HUVECGs [22], which showed that cofilin-1 (a downstream target
of RhoA/ROCK/LIMKI) played an essential role in regulating
thrombin-induced relA/p65 nuclear translocation and intercellu-
lar adhesion molecule 1 (ICAM-1) expression.

Our findings differed from studies claiming that the pathway of
Ras-cRaf-Erk is activated by AhR agonists [28,29]. Our results
showed that in MCVECs treated with 3MC, Ras/c-Raf was
inactivated through an AhR/RhoA-dependent mechanism
(Figure 3) and that PTEN/PI3K was involved in the dephosphor-
ylation of c-Raf/pRb2 in MCVECGCs (Figure 4A). In agreement
with our findings, several reports showed the requirement of pRb
in the PTEN-induced inhibition of cell proliferation, because
PTEN is unable to cause cell growth arrest in retinoblastoma
(pRb)-deficient cell lines [30,31]. Additionally, PTEN-induced
growth arrest through inhibiting Ras activation [32] can be
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rescued by expressing constitutive active PI3K and downstream
effectors such as Akt [33].

Furthermore, the Co-IP results showed that as well as
enhancing HDACI recruitment, 3MC increased the binding of
AhR and pRb2 to the E2F1 complex (Figure 5B). By contrast,
3MC inhibited the binding of c-Raf to this complex. These
findings suggest that the pRb2 hypophosphorylation might result
from the decreased interaction between pRb2 and c-Raf. The
results of a recent study agreed that the disruption of the binding
of c-Raf to pRb prevents pRb phosphorylation, cell cycle
progression, and angiogenic tubule formation [34]. Moreover,
our data also suggests that 3MC-liganded AhR physically
interacted with the E2F1 complex in the downregulation of the
cell-cycle regulatory genes. Our findings were congruent with
those reported by Gomez-Duran et al., [35], in which the AhR
increased the recruitment of HDACI, 2 and 4, and this increased
recruitment was correlated with the decreased K8H4 acetylation
and impaired expression of latent TGFbeta-binding protein 1
[35]. Our results similarly show that a series of signal transduction
molecules activated by AhR/RhoA in the increased recruitment of
HDACI1 and pRb2 to the E2F1 complex (Figure 8) led to the
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downregulation of cell-cycle-regulatory proteins and thereafter
reduced the DNA incorporation and cellular proliferation.

Eleven members of the HDAC family have been identified and
designated HDAC1 to HDAC11. HDACI has been shown to act as
a substrate for E2F1 [36] and contains a relatively high consensus
sequence of the AhR-responsive element in its promoter region. In
addition to the AhR binding sites found in HDACI, our analysis
(using MatInspector professional software) showed that the promoters
of pRb2 also contained AhR binding sites (data not shown). This
might explain the observation that the levels of HDAC1 and pRb2
were all subject to regulation by 3MC-mediated AhR activation.
Unexpectedly, our results showed that RhoA inhibitors (simvastatin
and pravastatin) also reversed the increased levels of HDAC1 and
pRb2 induced by 3MC (Figure 7B). We reasoned that RhoA
inactivation decreased the nuclear level of AhR, which in turn
decreased the levels of pPRb2 and HDACT caused by 3SMC (Figure 7).
Ours is the first study to show this phenomenon. However, we could
not rule out the possibility that these statin derivatives might have
exerted another unidentified effect in gene regulation. The under-
lying mechanisms require further investigation.
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Figure 7. Effect of statins in preventing a 3MC-mediated decrease in cell-cycle regulatory proteins and in DNA incorporation
induced by RhoA inactivation. Cells were pretreated with simvastatin or pravastatin for 1 h, followed by 1 to 6 h of 3MC treatment. The
fractionation of membrane-cytosol and nuclear-cytosol of 3MC-treated MCVECs was analyzed to determine the action of statins in RhoA inactivation
and their effect in preventing 3MC-mediated alterations in c-Raf/pRb2/HDAC1/histone deacetylation. (A) We analyzed fractionation after 1 h;
thereafter, the levels of cell-cycle regulatory proteins were assessed by Western blot after 4 or 6 h of 3MC treatment. (B) Cells were transfected
overnight with a plasmid containing DNRhoA, and 3MC treatment was administered for 6 h. A western blot analysis was conducted to examine the
effect of DNRhoA on the cell-cycle regulatory proteins reduced by 3MC. GAPDH (or a-tubulin), Lamin A/C, and VE-cadherin were used as internal
controls for the cytosol (or total), nuclear and membrane fractions, respectively, to verify equivalent loading. (C) Cells were pretreated with statins for
1 h; this was followed by the 3MC challenge, which was pulsed for 15 h with BrdU (Invitrogen; 0.75 pg/mL) incubation for the DNA incorporation
assay. Fixed cells on coverslips were stained with a mouse anti-BrdU antibody conjugated with Texas Red. Red represents BrdU-positive staining.
Identical fields were stained with DAPI (Invitrogen) to reveal the positions of cell nuclei. We recorded micrographs of the representative fields at 200 x
magnification (scale bar in white =250 pm). (D) Cell numbers were counted using a hemo-cytometer at the indicated time points in cells with various
treatments. Data are presented as mean = SEM of 3 independent experiments (*P<0.05 vs. control group; #P<0.05 vs. 3MC treatment alone).
doi:10.1371/journal.pone.0092793.g007

We previously showed that the induction of p21/p27 by 3MC histone deacetylation involved in the downregulation of Cdk2/4
occurred through AhR-dependent transcriptional regulation, result- and Cyclin D3/E through AhR/RhoA-dependent mechanisms.
ing in cell-cycle arrest in HUVECGs [4]. Similarly, the induction of This understanding of the molecular mechanisms of SMC-mediated
p21/p27 was observed in MCVEC:s (data not shown). Furthermore, cell-cycle arrest suggests the possibility of using simvastatin or
the induction of pRb2 that we observed in MCVECs was also evident pravastatin to inhibit RhoA activation as a therapeutic approach to
in HUVEGs. Thus, cells obtained from different species and tissues AhR agonist-mediated anti-proliferation in VECs. The decrease in
responded similarly to the 3MC challenge. This finding emphasizes cell proliferation of MCVECs might indicate a toxic effect from

the potency of environmental hazards that ubiquitously affect environmental pollutants or hormones such as 3MC, benzo|a]py-
numerous biological organisms and tissues. In summary, our study rene, and TCDD, and such substances might be harmful to the
shows that the epigenetic modification effect of SMC on cell-cycle ~ brain during hypoxia. Our findings provide insight into the
regulatory proteins occurs through increased recruitment of HDAC1 potential molecular mechanisms of the action of 3MC in cerebral
and pRbH2 to the E2F1-DNA complex. We also identified functional vascular injuries, and the use of simvastatin and pravastatin as a

E2F-binding sites located at the promoters of Cdk2/4 and Cyclin therapeutic intervention to reverse the process.
D3/E, which were negatively regulated through the HDAC1-E2F1
complex by 3MC-mediated RhoA activation. Supporting Information

This study and our previous studies have contributed to the
understanding of 3MC-mediated inhibition in cell-cycle arrest in
MCVECs; that is, the genomic upregulation of p21/p27, and the

Figure S1 The concentration-dependent effect of 3MC
in CYP1Al induction, an AhR downstream target, and
the DRE-driven luciferase activity. (A) MCVECs were
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Figure 8. Summary of the signal pathways of 3MC on epigenetic modification of chromatin, resulting in MCVEC cell-cycle arrest. In
the proposed signal pathways, 3MC-mediated AhR/RhoA activation modulates the PTEN/PI3K/Ras/c-Raf signaling pathways; this is followed by pRb2
hypophosphorylation, with a concomitant increase in HDAC1 upregulation and nuclear translocation. Treatment with 3MC also increased protein
interaction within the E2F1 complex, including AhR, pRb2, and HDAC1. The downstream transcription factor E2F1 was negatively regulated by the co-
repressor HDACT, resulting in the downregulation of the cell-cycle regulatory proteins, including Cdk2/4 and Cyclin D3/E. Subsequently, DNA
incorporation was decreased in MCVECs. The orange arrow lines indicate upregulation or activation of downstream molecules, whereas the blue lines
represent downregulation or inactivation of the downstream targets. The signal pathways identified in this study are shown as solid lines with arrows,
and proposed correlations are indicated by dashed lines with arrows. Additionally, the dashed-black lines indicate that the translocation occurs
between cytosol and nuclei or between cytosol and the plasma membrane.

doi:10.1371/journal.pone.0092793.g008

treated with an increasing concentration of 3MC from 10 nM to
10 uM for 1 h. The resulting lysates were analyzed to determine
the expression levels of the proteins of interest. (B) Cells were
transiently transfected with pGL2/3DRE and pRL-TK for 24 h,
as described in the Materials and Methods section. Cells were
pretreated with the indicated concentrations of 3MC for 1 h.
Luciferase activities demonstrated by the reported plasmid were
normalized to those of the internal control plasmid. Data were
derived from 3 independent experiments.

(TTEF)
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