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Naturally occurring repeat sequences capable of adopting H-DNA structures are abundant in promoters of
disease-related genes. In support of this, we found (CT)22 � (AG)22 repeats in the promoter of smooth muscle
myosin light chain kinase (smMLCK), a key regulator of vascular smooth muscle function. We also found an
insertion mutation that adds another six pairs of CT � AG repeats and increases smMLCK promoter activity
in spontaneously hypertensive rats (SHR). Therefore, we used the smMLCK promoters from normotensive and
hypertensive rats as a model system to determine how CT � AG repeats form H-DNA, an intramolecular triplex,
and regulate promoter activity. High-resolution mapping with a chemical probe selective for H-DNA showed
that the CT � AG repeats adopt H-DNA structures at a neutral pH. Importantly, the SHR promoter forms
longer H-DNA structures than the promoter from normotensive rats. Reconstituting nucleosomes on the
promoters, in vitro, showed no difference in nucleosome positioning between the two promoters. However,
chromatin immunoprecipitation analyses revealed that histone acetylations are greater in the hypertensive
promoter. Thus, our findings suggest that the extended CT � AG repeats in the SHR promoter increase H-DNA
structures, histone modifications, and promoter activity of the smMLCK, perhaps contributing to vascular
disorders in hypertension.

Simple sequence repeats (SSRs), or microsatellites, are ge-
netic loci where one to six bases are tandemly repeated for
various numbers of times. They are ubiquitous in prokaryotes
and eukaryotes, and they are present even in the smallest
bacterial genomes (13). SSRs are inherently unstable, and one
of their interesting characteristics is their mutability. SSRs
mutate by inserting or deleting a few repeats, and the mutation
rates generally increase in concert with the length of repeat
tracts (48). Because of their high mutability, SSRs play a sig-
nificant role in genome evolution by creating and maintaining
quantitative genetic variation (16). Moreover, mutations oc-
curring at SSRs are associated with neurodegenerative dis-
eases (fragile X syndrome, Huntington’s disease, and myotonic
dystrophy) (32) and some human cancers, such as hereditary
nonpolyposis colorectal carcinoma (50).

(CT)n � (AG)n dinucleotide sequences are among the most
abundant dinucleotide repeats in the mammalian genome (43).
These sequences are unique in that they form noncanonical
DNA secondary structures at promoter regions of many
genes. Along with the trinucleotide (GAA)n � (TTC)n or
(CTT)n � (AAG)n repeats, dinucleotide (CT)n � (AG)n se-
quences can adopt a non-B DNA structure, an intramolecular
triplex or H-DNA. These structures form at regions containing
homopurine-homopyrimidine sequences, where part of the
tract can dissociate into single strands using the energy pro-
vided by supercoiling. One of the single strands can then swivel

its backbone parallel to the duplex, forming a three-stranded
helix and leaving its complementary strand unpaired (14, 45).

Naturally occurring repeat sequences capable of adopting
H-DNA structures are abundant in mammalian genomes and
are found as frequently as 1 in every 50,000 bp in the human
genome (37). They are mutagenic in mammalian cells (46) and
are preferentially located at promoter regions of many genes,
including proto-oncogenes such as human c-myc (8, 18), mouse
Ki-ras (29), and human c-Src (33). Because of this preferential
distribution, (CT)n � (AG)n repeats have been implicated in
the formation of H-DNA structures and the regulation of gene
expression. Indeed, (CT)n � (AG)n dinucleotide sequences
function as a positive transcription element to stimulate gene
expression (23), and deleting these sequences reduced pro-
moter activity of heat shock genes in Drosophila melanogaster
(35). Moreover, the trans-acting GAGA factor has been shown
to bind dinucleotide repeats and to stimulate promoter activ-
ities of heat shock genes in Drosophila melanogaster by estab-
lishing nucleosome-free DNase-hypersensitive sites (19, 20).

Nucleosome structure and positioning are also critical in
promoter and enhancer regions because nucleosomes limit
accessibility to regulatory factors (21). The packaging of pro-
moter DNA into nucleosomes has been thought to be a major
obstacle to transcription. However, many recent reports have
shown that chromatin structure is dynamic (1) and a vital
component of transcription (42). The dynamic state of chro-
matin is regulated partly by posttranslational modifications of
histones. Residues with histone tails are subject to diverse
posttranslational modifications, including phosphorylation,
acetylation, and methylation, which together govern the higher-
order structure of chromatin and gene expression. Of the
modifications, histone acetylation/deacetylation is highly dy-
namic (11). Acetylation of conserved lysine residues in histone
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tails stimulates gene expression by neutralizing positive
charges, resulting in unstable histone-histone and histone-
DNA interactions that otherwise limit the binding of transcrip-
tion factors to DNA. While it is well established that
acetylation of the core histone plays a fundamental role in
transcriptional regulation, there is almost no literature on how
histone modifications interact with DNA structure, especially
non-B DNA structures like H-DNA.

Therefore, we studied the promoter of the smooth muscle
MLCK (smMLCK) gene. smMLCK regulates smooth muscle
contraction by phosphorylating myosin light chains (5). Myosin
light chain phosphorylation also regulates cell motility (49) and
a host of other cellular responses, including cell spreading and
cytokinesis (15). smMLCK is an important regulatory enzyme
in the vasculature, and we recently showed that it plays a
central role in hypertension. The expression of smMLCK is
developmentally regulated and correlates with the onset of
hypertension in spontaneously hypertensive rats (SHR), and
inhibiting smMLCK expression or activity prevents the devel-
opment of hypertension (12). Importantly, the smMLCK pro-
moter in normotensive Wistar-Kyoto (WKY) rats contains a
dinucleotide repeat motif consisting of 22 (CT) � (AG) re-
peats. SHR, in contrast, have six additional repeats that in-
crease promoter activity and responsiveness to serum response
factor (12), an important regulator of vascular smooth muscle
differentiation (28). Because they only differ by these six
(CT) � (AG) repeats, the promoters from SHR and WKY rats
provide a unique opportunity to determine the effects of nu-
cleotide repeats on gene structure and promoter activity and to
relate those results to an important disease. We report below
that the CT � AG repeats in both promoters form H-DNA
structures without affecting their ability to be packed into nu-
cleosomes and that the extended repeats in the SHR promoter
expand the H-DNA structure and increase histone modifica-
tions. This is, to the best of our knowledge, the first report on
the role of H-DNA in regulating gene expression in a vascular
disorder.

MATERIALS AND METHODS

Cell culture. A7r5 vascular smooth muscle cells isolated from embryonic rat
thoracic aorta were obtained from Kenneth Byron at Loyola University (Chi-
cago, IL) and cultured in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum, 2 mM L-glutamine, and 1% nonessential amino
acids.

Plasmids. The proximal regions of smMLCK promoters were isolated from
genomic DNA obtained from SHR and normotensive WKY rats and cloned into
a pGL3-Basic firefly luciferase vector, as described previously (12). The
smMLCK promoter from WKY rats has (CT)22 � (AG)22 repeats, while the
promoter from SHR rats has six additional repeats. The repeat sequences were
counted from the �254 nucleotide at the WKY promoter but from �255 at the
SHR promoter because of one nucleotide difference at position �254 between
the two promoters. Progressive deletion fragments of the regions from �425 bp
to �162 bp of the normotensive promoter were also obtained by PCR and cloned
into the pGL3-Basic vectors (12). The �CT promoter was constructed by delet-
ing (CT)22 � (AG)22 in the normotensive promoter using the QuikChange XL
site-directed mutagenesis kit (Stratagene, La Jolla, CA). The integrity of these
constructs was confirmed by DNA sequencing using an ABI Prism 3100 genetic
analyzer in the Research Resource Center at University of Illinois at Chicago.
Various SSRs, flanked by SmaI and HindIII restriction enzyme sites, were also
cloned into the pGL3-Enhancer vector. The sequences of (CT)3, (CT)9, (CTT)6,
and (C)18 SSRs were 5�-GAACCCGGGCTCTCTAAGCTTACG-3�, 5�-GAAC
CCGGGCTCTCTCTCTCTCTCTCTAAGCTTACG-3�, 5�-GAACCCGGGCT
TCTTCTTCTTCTTCTTAAGCTTACG-3�, and 5�-GAACCCGGGCCCCCCC
CCCCCCCCCCCAAGCTTACG-3�, respectively. The oligonucleotides were

digested with the SmaI and HindIII restriction enzymes and ligated into the
pGL3-Enhancer vector cut by the same enzymes. The recombinant clones were
selected and subjected to DNA sequencing to confirm their integrities.

Reporter activity assays. For dual luciferase reporter gene assays, A7r5 cells
grown in 12-well plates were cotransfected with 500 ng of the smMLCK pro-
moter-firefly luciferase vector and 10 ng of the TK-renilla luciferase vector
(Promega, Madison, WI) using the Fugene 6 transfection reagent (Roche, Basel,
Switzerland). One day after transfection, the cells were harvested and luciferase
activity was measured using Luciferase Assay Reagent II and Stop&Glo reagent
(Promega, Madison, WI). Variations in transfection efficiency were normalized
by dividing the firefly luciferase activity by the Renilla luciferase activity.

Low-resolution mapping of S1 nuclease sensitivity. Supercoiled plasmids (1
�g) were incubated with 1 U of S1 nuclease at 30°C for 10 min in a 20-�l reaction
volume containing 40 mM sodium acetate, pH 4.5, 300 mM NaCl, and 2 mM
ZnSO4. The reaction was stopped by phenol-chloroform extraction, and DNA
was precipitated with ethanol. To determine the nucleotides sensitive to S1
nuclease, primer extension analysis was carried out as described previously (44)
with slight modifications. Briefly, 5 pmol of the RV primer or �425 primer
(5�-AAGCCTAGCCAGGTCTCCCAC-3�) was labeled at the 5� end using T4
polynucleotide kinase (Fermentas, Inc., Hanover, MD) and [�-32P]ATP (Amer-
sham Biosciences, Piscataway, NJ) for 30 min at 37°C. The S1-nuclease-digested
DNA was denatured at 94°C for 4 min and annealed with the labeled primer for
10 min at 50°C. Polymerization was carried out at 70°C for 20 min using a Taq
DNA polymerase (Invitrogen Life Technologies, Carlsbad, CA). The reaction
mixtures were denatured and loaded on a 1% agarose gel or a 7% polyacryl-
amide gel containing 7 M urea. The sizes of the primer extension products were
determined by comparison with a 10-bp DNA ladder.

High-resolution mapping of chemical probes. Chemical probe analysis under
conditions of one hit per molecule was performed as previously described (31).
Unpaired regions in supercoiled plasmids (0.25 �g of DNA) in 40 �l of 0.5�
TEN buffer (5 mM Tris-HCl, 25 mM NaCl, 0.5 mM EDTA, pH 7.6) were probed
with 0.5% chloroacetaldehyde (CAA) for 8 min. CAA reactions were terminated
by diethyl ether extraction. After ethanol precipitation, 0.1 �g of DNA was used
to reveal chemically susceptible bases by the radiolabeled primer extension
technique using a Stoffel fragment of Taq polymerase that terminates synthesis
at the chemically modified nucleotides. Primer extension products were sepa-
rated on a 7% sequencing gel alongside a DNA sequence pattern obtained by
sequencing unmodified DNA with the same primers and ReaderTaq DNA poly-
merases (Fermentas, Hanover, MD).

Analysis of reconstituted nucleosomes with micrococcal nuclease (MNase)
treatment. H1-stripped core histones purified from HeLa cells were obtained
from Vaxron Corp. (Rockaway, NJ). Nucleosomes were reconstituted onto plas-
mids by a high-salt exchange method, according to the manufacture’s instruc-
tions. Briefly, supercoiled DNA (4 �g) was incubated with 4 �g of HeLa core
histones in the presence of 1 M NaCl. The salt concentration was decreased to
100 mM by stepwise addition of 40 mM HEPES-NaOH, pH 7.4, 0.1 mM EDTA,
0.5 mM phenylmethylsulfonyl fluoride and 1 mM dithiothreitol. The reconsti-
tuted nucleosomes were treated with 1 U of MNase at 37°C for 2.5 min. The
nucleosomes and MNases were then removed from the plasmid DNA by phenol-
chloroform extraction. After ethanol precipitation, DNA was subjected to primer
extension as described above (see “Low-resolution mapping of S1 nuclease
sensitivity”), and the products were analyzed on a 7% polyacrylamide gel or a
sequencing gel.

ChIP assays. A7r5 cells transfected with a pGL3 vector containing an
smMLCK promoter or SSRs were fixed in formaldehyde and subjected to chro-
matin immunoprecipitation (ChIP) assays as previously described (4) with the
following modifications. Antibodies to acetyl-histone H3 on Lys 9 and 14 (no.
06-599) or acetyl-histone H4 on Lys 5, 8, 12, and 16 (no. 06-866) were obtained
from Upstate (Lake Placid, NY). Total histone H3 antibodies (ab1791) were
obtained from Abcam (Cambridge, MA). The antibodies were prebound for a
minimum of 4 h to protein A-Dynal magnetic beads (Invitrogen, Carlsbad, CA),
added to the diluted chromatin, and immunoprecipitated overnight. After the
magnetic bead-chromatin complexes were washed six times in radioprecipitation
assay buffer, DNA was eluted from the beads as previously described (40). The
PCR was performed using the primers targeting CT � AG repeats of smMLCK
promoter (5�-GAGGGGGTGATGTGTGTTTCT-3� and 5�-CGGCCAGGCTG
TGTTTATAGA-3�), primers targeting nucleotides 2636 to 2656 (5�-CAACCC
GGTAAGACACGACT-3�) and 2768 to 2788 (5�-GCAGAGCGCAGATACCA
AAT-3�) of the pGL3-Basic vector, or primers targeting nucleotides 4787 to 4807
(5�-AGTGCAGGTGCCAGAACATT-3�) and 76 to 96 (5�-TCTTCCATGGTG
GCTTTACC-3�) of the pGL3-Basic vector. To quantitatively analyze PCR prod-
ucts, PCR was carried out for 15 cycles using a 32P-labeled primer. The PCR
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products were separated on a 7% polyacrylamide denaturing urea gel, and the
intensities of the bands were quantified using a densitometer.

RESULTS

S1 nuclease mapping of the smMLCK promoter. We previ-
ously isolated smMLCK promoters from hypertensive (SHR)
and normotensive (WKY) rats and identified their DNA se-
quences (12). The smMLCK promoter from SHR has a 12-bp
insertion consisting of 6 pairs of (CT) � (AG) repeats com-
pared to the sequence of the promoter from the WKY nor-
motensive rats (Fig. 1A). These repeats reside between �255
bp and �199 bp relative to the transcription start site (�1) of
the smMLCK gene. They are also adjacent to a CArG box, a
binding site for serum response factor, an important regulator
of smooth muscle differentiation (28). To investigate the pos-
sibility that the (CT)n � (AG)n sequences of the smMLCK pro-
moter form H-DNA structures, mutants were constructed by
progressively deleting the regions from bp �425 to bp �162 of
the smMLCK promoter isolated from normotensive rats and
cloning the fragments into the pGL3-Basic luciferase reporter
plasmid (Fig. 1B). These mutant plasmids were then treated
with S1 nuclease. Since H-DNA structures adopt a three-
stranded helix, leaving one strand unpaired, S1 nuclease at-
tacks the unpaired strand and changes the plasmid conforma-
tion from a supercoiled form into a nicked form. Nicked DNA

can be separated from supercoiled DNA by agarose gel elec-
trophoresis because the uncoiled conformation retards their
mobility. Figure 1C shows that more than 90% of these plas-
mids were in the supercoiled form prior to S1 nuclease diges-
tion (Fig. 1C, lanes 1, 3, 5, and 7). S1 nuclease, however,
changed only the migration of the plasmids containing the
CT � AG repeats (Fig. 1C, lanes 2 and 4). There were no
changes in the migration of the plasmids that did not contain
the CT � AG repeats (Fig. 1C, lanes 6 and 8).

We further investigated S1 nuclease sensitivity by perform-
ing primer extension and analyzing the extension products on
7% polyacrylamide gels. Because primer extension produces a
short DNA fragment that terminates at the nucleotide cut by
S1 nucleases, measuring the sizes of the products makes it
possible to approximately map the nuclease-sensitive site.
Therefore, we designed a forward primer corresponding to RV
primer sequences on the coding strand of the pGL3-Basic
vector, because all deletion constructs have these sequences in
common (Fig. 1D). The primer was labeled at the 5� end using
T4 polynucleotide kinase and [�-32P]ATP. Primer extension
with the constructs containing (CT)n � (AG)n repeats pro-
duced short DNA fragments (Fig. 1D, lanes 1 and 2). In con-
trast, there were no products in the plasmids that did not
contain (CT)n � (AG)n sequences (Fig. 1D, lanes 3 and 4). The
sizes of the fragments were approximately 300 bp and 160 bp

FIG. 1. Low-resolution mapping of S1 nuclease sensitivity. (A) DNA sequences of smMLCK promoters isolated from SHR and normotensive
WKY rats. Comparison of these sequences revealed the presence of a 12-bp insertion (underlined) in the sequence from SHR not found in the
sequence from the normotensive WKY rats. The numbers indicate the locations of nucleotides relative to the transcription start site (�1) of the
smMLCK gene. CArG box indicates a cis-acting element for serum response factor. (B) Progressive-deletion mutants were constructed by deleting
the regions from bp �425 to bp �162 of the smMLCK promoter isolated from the normotensive WKY rats. These mutants were cloned into the
pGL3-Basic luciferase vector and subjected to S1 nuclease treatment. The numbers indicate the location of the first nucleotide in each fragment.
CT, CArG, and TATA represent (CT)n � (AG)n repeats, CArG box, and TATA box, respectively. These deletion mutants were used in Panels C
and D. (C) Agarose gel analysis was performed on the plasmid DNA treated with (lanes 2, 4, 6, and 8) or without (lanes 1, 3, 5, and 7) S1 nuclease.
S1 nuclease changed plasmid conformations from supercoiled to nicked forms, as indicated by slower-migrating bands. However, deleting CT
repeats abolished the sensitivity to S1 nuclease. (D) Primer extension was performed using the DNA treated with the S1 nuclease. RV primers were
labeled at the 5� end and hybridized with the S1-nuclease-digested DNA. After primer extension, the product was denatured and separated on 7%
denaturing polyacrylamide gels that were designed to resolve products that are less than 1 kb. The products were identified by autoradiography,
and their sizes were determined by comparison with a 32P-labeled 10-bp ladder. Note the presence of products (arrows) in lanes 1 and 2 and the
absence of products in the plasmids not containing (CT)n � (AG)n repeats (lanes 3 and 4).
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when plasmids containing nucleotides �425 to �40 and �280
to �40 were used as templates, respectively (Fig. 1D, lanes 1
and 2). Considering that (CT)n � (AG)n repeats reside between
282 and 328 bp downstream of the RV primer sequence, these
data indicate that the S1 nuclease-sensitive site resides within
the repeats.

We next examined which strand was involved in triplex
formation and which strand was left unpaired. Homopurine-
homopyrimidine repeat sequences adopt either H-y (pyrim-
idine-purine-pyrimidine triplex) (10) or H-r (pyrimidine-pu-
rine-purine triplex) (34) conformations under physiological
conditions. We tested this possibility using two primers target-
ing each strand of the double helix. A forward primer corre-
sponding to nucleotides �425 to �405 on the coding strand
was designed to detect S1 digestion on the anticoding strand
where the (AG)n repeats reside. A reverse primer correspond-
ing to nucleotides �40 to �19 on the anticoding strand was
also designed to detect S1 digestion on the coding strand where
the (CT)n repeats reside (Fig. 2). These primers were end
labeled using [�-32P]ATP. The smMLCK promoter regions
isolated from SHR or normotensive rats were cloned into the
pGL3-Basic luciferase reporter gene (12) and used for primer
extension analyses. A mutant plasmid that has the same se-

quences as the normotensive plasmid but does not contain the
(CT)n � (AG)n sequences was created by site-directed mu-
tagenesis and used as a negative control (�CT). Primer exten-
sion with the forward primer produced approximately 200-bp
fragments (Fig. 2, lanes 2 and 3) in plasmids with the normo-
tensive or hypertensive promoters but not in the �CT plasmid.
In contrast, there were no products when the extension was
performed with the reverse primer (lanes 5 and 6 in Fig. 2).
These data confirmed that the repeat in the smMLCK pro-
moter adopts an H-y conformation.

High-resolution mapping using chemical probe sensitivity.
CAA was used next to precisely analyze the structure at a
neutral pH. CAA has been widely used as a chemical probe to
detect the unpaired strand of H-DNA structures (30, 31), be-
cause it preferentially interacts with single-stranded adenines
and cytosines forming their ethenoderivatives (47). The result-
ing derivatives were subjected to primer extension using a
Stoffel fragment of Taq polymerase that is blocked by the
derivatized nucleotides (30). The end-labeled forward primer
corresponding to nucleotides �425 to �405 on the coding
strand was used for the reaction, and the extension products
were analyzed on 7% denaturing polyacrylamide sequencing
gels (Fig. 3). Primary data on chemical modification are pre-
sented in Fig. 3A and summarized graphically in Fig. 3B. A
total of 10 adenines were modified by CAA, beginning with the
6th and extending to the 15th AG repeat in the normotensive
promoter (Fig. 3A, lane 6). The H-DNA structure was further
expanded to the 21st AG repeat in the SHR promoter, making
a total of 16 adenines modified by CAA (Fig. 3A, lane 7).
There were no CAA-modified derivatives in the �CT pro-
moter (Fig. 3A, lane 5). These data demonstrate that extending
the (CT)n � (AG)n repeats expands the H-DNA structure
in SHR.

Nucleosome positioning on H-DNA. We then investigated
the effects of H-DNA structures in changing nucleosome or-
ganization or positioning. Rotational positioning of DNA
about the histone octamer appears to be determined by certain
sequence-dependent modulations of DNA structures. In a tri-
ple-stranded complex, the major groove of the duplex, which is
occupied by the third strand, would not be accessible to his-
tones (7). Therefore, we assembled histone octomers on the
plasmids containing the smMLCK promoters and analyzed the
histone-DNA complex by digesting them with MNases. Recon-
stituted nucleosomes were treated with various concentrations
of MNases (Fig. 4A). Naked DNA without histones was used
as a control. The digested DNA was isolated, labeled with
[32P]ATP, denatured, and separated on a 7% polyacrylamide
gel electrophoresis (PAGE) gel containing 7 M urea. The
plasmids without histones were fragmented into progressively
smaller fragments as the MNase concentration was increased
(Fig. 4A, lanes 3 to 5). In contrast, the plasmids with assembled
histones produced a band of �150 bp regardless of the MNase
concentration (Fig. 4A, lanes 6 to 8). Because histone oc-
tomers are reported to span approximately 147 bp (24), the
size of this fragment suggests that it comes from DNA pro-
tected by the histones. Moreover, there were weak smears at
�450, 300, and 170 bp as the MNase concentration was in-
creased (Fig. 4A, lanes 6 to 8), suggesting that these were the
linker DNA digested by the MNase.

Based on these data, we performed primer extension anal-

FIG. 2. The smMLCK promoter adopts the H-y structure of H-
DNA. The possibility of adopting the H-y or H-r structure was deter-
mined by performing primer extension using two separate primers
(�425 and �40 primers) targeting each strand of the double helix.
SHR and WKY represent the promoters isolated from hypertensive or
normotensive rats, respectively. A normotensive promoter without the
(CT)n � (AG)n sequences was used as a negative control (�CT). The
data show that the S1 nuclease attacked only (AG)n sequences, leaving
(CT)n sequences intact.
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yses using nucleosomes that were partially digested with 1 U of
MNase (Fig. 4B). The digested DNA was separated from his-
tones, denatured, and annealed with the �425 primer labeled
with 32P. After extending the primer at 70°C for 20 min using
a Taq DNA polymerase, the products were analyzed using 7%
PAGE (Fig. 4B) or sequencing gels (Fig. 4C). In the absence of
MNase treatment, all of the primer products were retained on
the top of the well and there were no short fragments. Because
7% PAGE resolves fragments of 	1 kb, these data suggest that
the polymerase did not terminate prematurely and extended
through the repeats (Fig. 4B, lanes 2 and 4). In contrast, primer
extension with the digested nucleosomes produced short frag-
ments below 160 bp (Fig. 4B, lanes 3 and 5). Since the primer
(�425) is located 170 to 226 bp upstream of the (CT)n � (AG)n

sequences (see diagram in Fig. 4B) and the MNase-sensitive
sites (linker region) are up to 160 bp from the primer, the data
show that the (CT)n � (AG)n sequences are protected from
MNase digestion by the histones. Further analysis using se-
quencing gels confirmed that histones assembled on the
(CT)n � (AG)n repeats in both promoters (Fig. 4C, lanes 3 and
4). There was no significant difference in nucleosome position-
ing between the promoters from SHR and WKY rats.

Increased histone acetylation and promoter activity at the
SHR promoter. To determine if histone modifications are
changed on H-DNA, we transfected A7r5 cells with the pGL3-
Basic vectors containing the smMLCK promoters and performed
ChIP assays using antibodies to histone H3, acetylated histone
H3, or acetylated histone H4. These antibodies allowed us to
semiquantitatively compare the amounts of total and acetylated
histone bound to the DNA and to confirm that the transfected
plasmids were assembled by histones and suitable for ChIP assays.
PCR was performed on immunoprecipitated chromatin-DNA
complexes using primers targeting a 190-bp region around the
(CT)n � (AG)n repeats of the smMLCK promoter or primers
targeting nucleotides 2636 to 2788 of the pGL3-Basic vector (Fig.
5A). Standard PCR conditions were modified in several ways to
quantitatively measure the amount of PCR products. First, PCR
cycles were restricted to 15 to avoid saturating the products.
Second, one primer was end labeled with 32P to increase the
sensitivity. Third, the PCR products were resolved on 7% dena-
turing polyacrylamide gels. The specific products were identified
by autoradiography and quantified densitometrically. Figure 5B
shows that there is no significant difference in the enrichment of
total histone H3 between the WKY and SHR promoters, both in

FIG. 3. Expanded H-DNA at the SHR promoter. (A) Plasmids were probed with CAA and used to reveal chemically susceptible bases by
primer extension using a Stoffel fragment of Taq polymerase. Primer extension products from the modified (lanes 5 to 7) DNA were separated
on a 7% sequencing gel along with a DNA sequence marker (lanes 1 to 4). The (CT)n � (AG)n repeats are indicated with an arrow. The positions
of the chemically modified adenines are indicated with numbers. Note that the SHR promoter (SHR) adopts expanded H-DNA compared to the
normotensive promoter (WKY), while the �CT promoter did not form H-DNA (lane 5). (B) The sequencing data in panel A are summarized
graphically. The arrows indicate the nucleotides modified by CAA. The sizes of the arrowheads indicate whether the nucleotides were modified
to a greater (large arrows) or lesser (small arrows) extent.
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the CT repeats and in the control vector sequences (lanes 3 and
4). However, the amounts of acetylated histone H4 and H3 were
greater in the (CT)n � (AG)n sequences of the SHR promoter
(lanes 6 and 8) compared to the normotensive promoter (lanes 5
and 7). The ratio of acetylated histone H3 to total histone H3 was
0.483 
 0.11 in the SHR promoter and 0.126 
 0.07 in the WKY
promoter (Fig. 5C). These data show that histone modifications
are greater on the longer repeats in the SHR promoter.

The importance of the repeats in regulating promoter activ-
ity was investigated using luciferase reporter gene assays. Fire-
fly luciferase constructs containing SHR or WKY promoters
were transfected into A7r5 cells along with TK-renilla lucifer-
ase vectors. Luciferase activities were measured and firefly
activity was normalized to the Renilla activity. Promoter activ-
ity was 2.65-fold 
 1.057-fold greater with the SHR promoter
than with the WKY promoter (Fig. 5D). Together, these data
demonstrate that inserting six more CT � AG repeats ex-
panded the length of the H-DNA structure and increased
histone acetylation and promoter activity of the SHR pro-
moter.

We further examined the correlation between histone acetyla-
tion and CT � AG repeats using an artificial system. Because
it has been reported that inserting CT repeats increased the
luciferase activity of pGL3-Enhancer (51), we synthesized
(CT)3 � (AG)3 or (CT)9 � (AG)9 sequences and cloned them into
the pGL3-Enhancer vector (Fig. 6A). ChIP assays showed that
the enrichment of acetylated histone H4 was greater in the
(CT)9 � (AG)9 sequences than in the (CT)3 � (AG)3 sequences
(Fig. 6B, lanes 5 and 6). The ratio of acetylated histone H4 to total
histone H3 was 0.203 
 0.04 in the (CT)9 � (AG)9 sequences and
0.052 
 0.02 in the (CT)3 � (AG)3 sequences (Fig. 6C). Luciferase
activity was also significantly greater in cells transfected with the

plasmids containing (CT)9 � (AG)9 sequences than those with
(CT)3 � (AG)3 sequences (Fig. 6D). These data add substantial
support to the idea that inserting six more CT � AG repeats in-
creases histone acetylation and promoter activity of the artificial
vectors.

We then rearranged the (CT)9 � (AG)9 sequences by inserting
(CTT)6 � (AAG)6 or (C)18 � (G)18 sequences and examined if
other SSRs could change histone acetylation and promoter activ-
ity. We used trinucleotide repeats of (CTT)6 � (AAG)6 as alter-
native H-DNA-forming sequences and mononucleotide repeats
of (C)18 � (G)18 as SSRs that do not form H-DNA (Fig. 7A).
While slightly less acetylated histone H4 was associated with the
(CTT)6 � (AAG)6 sequences than with the (CT)9 � (AG)9 se-
quences, the level of acetylated H4 was increased in the H-DNA-
forming sequences (Fig. 7B, lanes 7 and 8) compared to the level
in the (C)18 � (G)18 sequences (Fig. 7B, lane 9). The ratio of
acetylated histone H4 to total histone H3 was 0.203 
 0.04 and
0.131 
 0.03 in the (CT)9 � (AG)9 and (CTT)6 � (AGG)6 se-
quences, respectively, compared to 0.002 
 0.0005 in the
(CT)3 � (AG)3 sequences (Fig. 7C). Luciferase activities were also
greater for (CT)9 � (AG)9 and (CTT)6 � (AAG)6 constructs than
for the (C)18 � (G)18 construct (Fig. 7D). These data indicate that
although there are some differences between the two H-DNA-
forming sequences, the H-DNA-forming sequences have greater
histone acetylation and hence greater promoter activity than the
non-H-DNA-forming sequences.

DISCUSSION

The discovery that abnormalities in the DNA structure itself
can drive genetic instability has changed our understanding of
some genetic diseases in humans. Long tracts of triple repeats,

FIG. 4. Nucleosome positioning on the H-DNA. Core histones purified from HeLa cells were reconstituted onto plasmids by a high-salt
exchange method and treated with MNase. (A) The nucleosome sensitivity to MNase was tested by treating with 0.5, 1, or 2 U of MNase at 37°C
for 2.5 min. Ladders of 50 bp (lane 1) and 10 bp (lane 2) were used to indicate the sizes of the DNA fragments. The DNA without histones (lanes
3 to 5) was digested into shorter fragments with increasing concentrations of MNase, while the DNA assembled by a histone octamer (lanes 6 to
8) was protected from the MNase and produced a band of �150 bp regardless of the MNase concentration. (B and C) DNA partially digested with
1 U of MNase was separated from histones, subjected to primer extension, and analyzed on 7% polyacrylamide (B) or sequencing (C) gels. The
diagram in panel B shows the corresponding DNA sites digested by MNase (arrows) or assembled by histones (ovals). The primer and the CT
repeats are located at nucleotides �425 and �255 in the smMLCK gene, respectively. The data show that histone assembly protects the CT � AG
sequences from MNase digestion of both promoters.
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which cause genetic instability, are found in the DNA of pa-
tients afflicted with more than 15 genetic neurodegenerative
disorders. The repeats may be expanded from the normal
length up to hundreds or thousands of repeats in diseases. For
instance, approximately 98% of Friedreich’s ataxia patients
have an expanded (GAA)n � (TTC)n repeat in the first intron
of the Friedreich’s ataxia gene (2). Normal alleles have �33
repeats of GAA � TTC sequences and premutation alleles have
34 to 65 repeats, whereas Friedreich’s ataxia-associated alleles

have more than 66 repeats (6). These H-DNA-forming se-
quences are frequently found at promoter regions, and target-
ing them could be an effective strategy for developing novel
therapeutics. Indeed, synthetic triplex-forming oligonucleo-
tides (TFOs) have been studied as a promising carrier for gene
therapy. TFOs specifically recognize H-DNA-forming se-
quences and form an intermolecular triplex by means of
Hoogsteen hydrogen bonding of a third strand of DNA to
purine-rich regions of the duplex DNA (39). The formation of
TFO-induced intermolecular triplex structures can directly in-
hibit gene transcription and proliferation of carcinoma cells
(25). They also induce apoptosis in cancer cells (3, 41). Thus,
TFO-based gene therapy could be an effective tool for treating
many diseases.

FIG. 5. Increased histone acetylation and promoter activity at the
smMLCK promoter from SHR. (A) Schematic of the pGL3-Basic
vector containing the smMLCK promoter. Short arrows indicate the
primers targeting the CT � AG repeats of the smMLCK promoter and
the primers targeting the vector sequences (2636 to 2788) of the pGL3-
Basic plasmid. (B) Vectors containing WKY and SHR promoter se-
quences were transfected into A7r5 cells and subjected to ChIP assays.
Cross-linked chromatin was immunoprecipitated with antibodies to
total histone H3 (lanes 3 and 4), acetyl-histone H4 (lanes 5 and 6), or
acetyl-histone H3 (lanes 7 and 8). Input chromatin (0.2% of total)
(lanes 1 and 2) and immunoprecipitated DNA (5% of total) (lanes 3 to
8) were amplified with the primers specific for the smMLCK promoter
or vector sequences. Histone acetylation was greater in the SHR pro-
moter (SHR) than in the normotensive promoter (WKY). The differ-
ence in band mobility is due to the 12-bp difference between the WKY
and SHR promoters. (C) The enrichment of acetylated histone H3
relative to total histone H3 was analyzed after densitometrically quan-
tifying the intensities of the bands shown in panel B. Note that the ratio
of acetyl-H3 to total H3 is higher in the SHR promoter than in the
WKY promoter (�, P 	 0.05). These experiments were repeated three
times, and the means 
 standard deviations are shown. (D) The
activities of promoters from SHR or normotensive (WKY) rats were
analyzed using luciferase reporter gene assays. The promoter activity
was 2.65-fold 
 1.057-fold greater in cells transfected with the SHR
promoter than in cells transfected with the normotensive promoter.
This experiment was repeated four times, and the means 
 standard
deviations are shown. �, P 	 0.05 compared to results for the normo-
tensive promoter.

FIG. 6. Increased histone acetylation and promoter activity at the
long CT � AG repeats. (A) Oligonucleotides containing (CT)3 � (AG)3
or (CT)9 � (AG)9 sequences were synthesized and cloned into pGL3-
Enhancer vectors using SmaI/HindIII restriction enzyme sites as
shown. (B) ChIP assays were performed on A7r5 cells transfected with
the CT3 and CT9 repeat constructs using antibodies to total histone H3
(lanes 3 and 4) or acetyl-histone H4 (lanes 5 and 6). Input chromatin
(0.15% of total) (lanes 1 and 2) and immunoprecipitated DNA (5% of
total) (lanes 3 to 6) were amplified using the primers targeting the
CT � AG repeats or the primers targeting nucleotides 2636 to 2788 of
the pGL3-Basic vector (see Fig. 5A). The amount of acetylated histone
H4 was greater in the (CT)9 � (AG)9 sequences than in the
(CT)3 � (AG)3 sequences. The difference in band motility is due to the
12-bp difference between the (CT)3 � (AG)3 and (CT)9 � (AG)9 se-
quences. (C) The enrichment of acetylated histone H4 relative to total
histone H3 was analyzed. Note that the ratio of acetyl-H4 to total H3
is higher in the (CT)9 � (AG)9 sequences than in the (CT)3 � (AG)3
sequences (�, P 	 0.01). This experiment was repeated three times,
and the means 
 standard deviations are shown. (D) The luciferase
activity of the (CT)9 � (AG)9 construct was 2.29-fold 
 0.32-fold
greater than the activity of the (CT)3 � (AG)3 construct. This experi-
ment was repeated four times, and the means 
 standard deviations
are shown. �, P 	 0.01 compared to results for the (CT)3 � (AG)3
construct.
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Our data establish the importance of H-DNA in another
important disease, namely, hypertension. Using SHR, the most
widely studied model of essential hypertension, we identified
an expansion of (CT)n � (AG)n dinucleotide repeats in the
promoter of the smMLCK gene. SHR were derived by recur-
rent inbreeding of normotensive WKY rats, selecting for high
blood pressure in the absence of dietary or environmental
stimuli (26). Interestingly, the insertion mutation occurred dur-
ing a relatively short period of breeding, perhaps because of
the high mutability of the repeated sequences. Moreover, the
mutation was conserved in stroke-prone SHR, a substrain of
SHR with high susceptibility to stroke (27), while it was not
conserved in two normotensive strains, WKY and Sprague-
Dawley rats (12). These data strongly suggest that the insertion
is one of the genetic factors responsible for the development of
high blood pressure in SHR. They also raise the interesting
possibility that targeting these sequences with TFOs might be
a novel strategy for treating hypertension.

Along with the genetic data, molecular and biochemical
studies of the smMLCK promoter also support the notion that
the insertion plays an important role in regulating smMLCK
promoter activity. We have shown that the insertion increases

promoter responsiveness to serum response factor (12), an
important transcription factor that regulates smooth muscle
differentiation (28). A cis-acting element for serum response
factor, a CArG element, is located just 10 bp downstream of
the (CT)n � (AG)n repeats, and various assays showed in-
creased serum response factor binding to the CArG element in
the SHR promoter. Consequently, the promoter responsive-
ness to serum response factor was greater in Cos-7 cells trans-
fected with the SHR promoter than in cells expressing the
normotensive promoter (12). Thus, data we have published
suggest that the six additional (CT) � (AG) repeats in the SHR
promoter affect serum response factor binding by changing the
local environment of the promoter (12).

This idea is supported by the observation that the H-DNA
structure is expanded at the SHR promoter (Fig. 3). H-DNA
was formed from the 6th to the 15th CT � AG repeats at the
normotensive promoter, showing that 10 out of 22 repeats
were involved in the formation of H-DNA. It was expanded to
the 21st CT � AG repeat in the SHR promoter, showing that 16
out of 28 repeats were involved in the structure. Thus, the
expansion of the H-DNA structure could stabilize the interac-
tion of the serum response factor with the CArG box and
stimulate promoter activity of the SHR promoter.

Furthermore, the formation of H-DNA changes nucleosome
organization or dynamics. Unlike the case with (CT)n � (AG)n

sequences in hsp70 and hsp26 genes in Drosophila melano-
gaster, which appear to be nucleosome free (22), our data
revealed nucleosomes at sites that form H-DNA in the rat
smMLCK promoter (Fig. 4). Similarly, when a number of
different DNA sequences from chicken erythrocyte core par-
ticles were analyzed, (CT)n � (AG)n tracts were occasionally
found within nucleosomal DNA, showing no preferential ro-
tational or translational orientation (36). This raises the ques-
tion of how nucleosomes permit access of the polymerase but
block access of the MNase to the (CT)n � (AG)n sequences
(Fig. 4). While the packaging of promoter DNA into nucleo-
somes is thought to be an obstacle to both nuclease attack and
transcription, nucleosomes are present during the transcription
of eukaryotic genes (42). Furthermore, the chromatin structure
is dynamic and is a vital component of transcription (1). The
importance of histone acetylation in regulating chromatin dy-
namics and transcription has been demonstrated by genome-
wide studies (17, 38), and 97% of active promoters were asso-
ciated with increased levels of acetylated histone. Our data
extend these studies and demonstrate histone acetylation at
regions containing (CT)n � (AG)n repeat sequences. Our data
also show that the longer H-DNA structure of the SHR pro-
moter contains more acetylated histone (Fig. 5B). This is, we
believe, the first demonstration that correlates an increasing
repeat number with increased histone modifications.

We also confirmed the relationship between the length of
repeat sequences and histone acetylation using artificial con-
structs with two different (CT)n � (AG)n repeat sequences.
Both the enrichment of acetylated histone and luciferase ac-
tivity were greater in the long repeats than in the short repeats
(Fig. 6). Furthermore, luciferase activity and acetylated histone
levels were greater in (CT)9 � (AG)9 and (CTT)6 � (AAG)6

constructs than in the (C)18 � (G)18 construct (Fig. 7). These
data suggested that H-DNA-forming sequences have higher
promoter activity than the non-H-DNA-forming sequences.

FIG. 7. Histone acetylation and promoter activity at other simple
sequence repeats. (A) Oligonucleotides containing (CT)9 � (AG)9,
(CTT)6 � (AAG)6, or (C)18 � (G)18 sequences were synthesized and
cloned into pGL3-Enhancer vectors. (B) ChIP assays were performed
with antibodies to total histone H3 (lanes 4 to 6) or acetyl-histone H4
(lanes 7 to 9). Input chromatin (0.15% of total) (lanes 1 to 3) and
immunoprecipitated DNA (5% of total) (lanes 4 to 9) were amplified
using the primers targeting the repeats (nucleotides 4784 to 4796 of
pGL3-Basic vectors) or the primers targeting nucleotides 2636 to 2788
of pGL3-Basic vectors. Amounts of acetylated histone H4 were greater
in the (CT)9 � (AG)9 and (CTT)6 � (AAG)6 sequences than in the
(C)18 � (G)18 sequences. (C) The ratios of acetylated histone H4 to
total histone H3 are shown. This experiment was repeated three times,
and the means 
 standard deviations are shown. �, P 	 0.01 compared
to results for the (C)18 � (G)18 sequences. (D) The luciferase activities
were greater for (CT)9 � (AG)9 and (CTT)6 � (AAG)6 constructs than
for the (C)18 � (G)18 construct. This experiment was repeated four
times, and the means 
 standard deviations are shown. �, P 	 0.01
compared to the (C)18 � (G)18 sequences.
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However, there are some unexpected characteristics of the
SSRs. Both acetylation and activity were slightly lower in the
(CTT)6 � (AAG)6 sequences than in the (CT)9 � (AG)9 se-
quences, suggesting possible differences in formation of H-
DNA structures. While the mechanistic basis for this observa-
tion remains to be elucidated, our data demonstrate important
roles for H-DNA-forming sequences in regulating histone
acetylation and promoter activity.

In conclusion, hypertension is a quantitative trait that has a
strong genetic component in humans and rats. Quantitative
trait loci responsible for high blood pressure have been iden-
tified in hypertensive rats, and the MLCK gene is in one of the
quantitative trait loci. Based on its chromosomal location and
regulation of promoter activity and the demonstration that
inhibiting MLCK expression or activity decreases blood pres-
sure (12), we suggested that the regulation of smMLCK gene
expression could play a central role in the development of
hypertension. The data presented above add credence to this
idea. They demonstrate that (CT)n � (AG)n repeat sequences
found in the naturally occurring rat smMLCK promoter form
H-DNA. Moreover, the six extra (CT) � (AG) repeats found in
the hypertensive smMLCK promoter increase the H-DNA
structure, histone modifications, and promoter activity. While
nucleotide repeats have been implicated in many human neu-
rological and neurodegenerative diseases (9), their relevance
to vascular diseases is unknown. Our data extend the impor-
tance of nucleotide repeat sequences to a vascular disorder and
provide new insights into the relationship between DNA struc-
ture and gene regulation.
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