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We examined transcriptional and epigenetic mechanism(s)
behind diminished skeletal muscle GLUT4mRNA in intrauter-
ine growth-restricted (IUGR) female rat offspring. An increase
in MEF2D (inhibitor) with a decline in MEF2A (activator) and
MyoD (co-activator) binding to the glut4 promoter in IUGR ver-
sus control was observed. The functional role of MEF2/MyoD-
binding sites and neighboring three CpG clusters in glut4 gene
transcription was confirmed in C2C12 muscle cells. No differ-
ential methylation of these three and other CpG clusters in the
glut4 promoter occurred. DNA methyltransferase 1 (DNMT1)
in postnatal, DNMT3a, andDNMT3b in adult was differentially
recruited with increasedMeCP2 (methyl CpG-binding protein)
concentrations to bind the IUGR glut4 gene. Covalentmodifica-
tions of the histone (H) code consisted ofH3.K14 de-acetylation
by recruitment of histone deacetylase (HDAC) 1 and enhanced
association of HDAC4 enzymes. This set the stage for Suv39H1
methylase-mediated di-methylation of H3.K9 and increased
recruitment of heterochromatin protein 1�, which partially
inactivates postnatal and adult IUGR glut4 gene transcription.
Further increased interactions in the adult IUGR between
DNMT3a/DNMT3b and HDAC1 and MEF2D and HDAC1/
HDAC4 and decreased association between MyoD and MEF2A
existed. We conclude that epigenetic mechanisms consisting of
histone code modifications repress skeletal muscle glut4 tran-
scription in the postnatal period and persist in the adult female
IUGR offspring.

Pre- and postnatal nutritional deficiency culminating in
intrauterine and postnatal growth restriction (IUGR)2 leads to
insulin resistance, a forerunner of gestational and type 2 diabe-
tes mellitus (1–3). The predominant adaptive mechanism
underlying this adult phenotypic presentation consists of aber-

rant glucose transport into insulin-sensitive tissues (4–6). Glu-
cose transport, a rate-limiting step in glucose utilization under
normal physiological circumstances, occurs by facilitated diffu-
sion (7). This process is mediated by a family of structurally
relatedmembrane-spanning glycoproteins, termed the facilita-
tive glucose transporters (GLUT; Slc2 family of transport pro-
teins) (8, 9). Of the isoforms cloned to date, GLUT4 is themajor
insulin-responsive isoform expressed in insulin-sensitive tis-
sues such as skeletal muscle, adipose tissue and cardiac muscle
(9, 10). In addition, GLUT4 is expressed in skeletal muscle cell
lines during myoblast differentiation to insulin-sensitive myo-
tubes (11, 12). Targeted disruption of skeletal muscle GLUT4
resulting in severe insulin resistance and glucose intolerance
confirmed the vital role of this isoform in mediating insulin
sensitivity (13).
We and others have observed that a central basis for insulin

resistance in the IUGR offspring stems from key changes in
skeletal muscle GLUT4. These changes include the following:
1) decline in skeletal muscle GLUT4 mRNA and protein con-
centrations in rats (4, 6, 14) and human (6), suggesting aberra-
tions in transcriptional control; and 2) insulin resistance of
post-translational translocation of GLUT4 from intracellular
vesicles to plasma membrane (4). Although we have previously
determined the molecular basis for the latter (15), the molecu-
lar mechanisms responsible for the former remain to be inves-
tigated. Transgenic investigations established the crucial in vivo
role for conserved glut4 promoter regions in skeletal muscle
gene expression. Disruption of the myocyte enhancer factor 2
(MEF2)-binding site (�473 to �464 bp) ablated tissue-specific
glut4 expression in transgenicmice (16, 17).MyoDon the other
hand is responsible for glut4 expression in vitro during myo-
blast tomyocyte differentiation (18).MyoDbindingwith that of
MEF2 and TR�1 spans the �502- to �420-bp region of the
glut4 gene in skeletal muscle (19). MyoD directly interacts with
MEF2 synergistically driving gene expression necessary for
myogenesis (19–21), including skeletal muscle glut4 transcrip-
tion and gene expression (18, 19, 22).
The insulin-resistant phenotype of the IUGR adult female

offspring has been trans-generationally transmitted (23–25).
These observations support an epigenetic basis for the propa-
gation of insulin resistance. DNAmethylation of CpG islands in
a gene promoter, mediated by DNA methyltransferase
(DNMT) enzymes, notably silences gene expression (26, 27).
Alternatively, DNMT enzymes directly complex with histone-
modifying enzymes and perturb the chromatin structure (28).
Changes in chromatin structure and locus accessibility prede-
termine the epigenetic imprint on gene expression (29, 30).
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DNAmethylation may permanently silence a gene throughout
development (31). In contrast, the dynamic flexibility of histone
post-translational modifications, such as de-acetylation,
de-phosphorylation, and methylation of specific amino acid
residues in the N-terminal tails, exerts diversified effects on
gene transcriptional regulation (30). These effects may
decrease gene expression rather than complete silencing. An
example is the association of MEF2 with class II histone de-
acetylating enzymes suppressing MEF2-mediated downstream
gene expression (32).
Because DNA methylation and concerted changes in the

combinatorial histone code regulate tissue-specific gene
expression (26–31), we hypothesized that epigenetic phenom-
ena may underlie aberrations in MEF2- and/or MyoD-medi-
ated transcriptional induction of skeletal muscle glut4 expres-
sion in the IUGR offspring. We tested this hypothesis in a well
characterized rat model, where the offspring was exposed to
prenatal and postnatal nutrient restriction causing intrauterine
and postnatal growth restriction (4).

EXPERIMENTAL PROCEDURES

Materials

Oligonucleotides—Synthetic oligonucleotides (Retrogen
Inc., Carlsbad, CA; Integrated DNA Technologies, San
Diego) were used in these experiments. Double-stranded oli-
gonucleotides were generated by annealing synthetic oligo-
nucleotides with respective complementary sequences
under standard conditions.
Antibodies—Rabbit polyclonal anti-MyoD, anti-MEF2A,

anti-MEF2C, anti-MEF2D, anti-HDAC1, anti-HDAC4, anti-
DNMT1, anti-DNMT3a, and anti-DNMT3b were from Santa
Cruz Biotechnology (Santa Cruz, CA). Anti-MEF2D used for
Western blot analysis was purchased from BD Biosciences.
Anti-acetyl-histone H3, anti-acetyl-histone H4, anti-acetyl-hi-
stone H3 (Lys-9), anti-acetyl-histone H3 (Lys-14), anti-acetyl-
histone H3 (Lys-27), anti-SUV39H1 clone MG44, anti-HP1�,
clone 15.19s2, and anti-MeCP2 were purchased from Upstate
Biotechnology, Inc. (Lake Placid, NY). Anti-dimethyl-histone
H3 (Lys-9) was purchased from Abcam Inc. (Cambridge, MA),
and anti-polymerase II antibody was from Active Motif (Carls-
bad, CA). Horseradish peroxidase-linked anti-rabbit and anti-
mouse IgGs were from Amersham Biosciences. For gel shift-
supershift experiments the more concentrated (2 �g/�l) form
(Santa Cruz Biotechnology) of anti-MyoD, anti-MEF2A, anti-
MEF2C, and anti-MEF2D antibodies was used.

Methods

Cells—C2C12 murine cells (American Type Culture Collec-
tion, Manassas, VA) were grown at 37 °C with 95% air, 5% CO2
in poly-L-lysine-coated culture flasks and maintained in Dul-
becco’smodified Eagle’smedium supplementedwith 2mM glu-
tamine, sodium pyruvate (110 mg/ml), penicillin (100 units/
ml), streptomycin (100 units/ml), 4.5% glucose, and 10% fetal
bovine serum.
DNA Cloning and Site-directed Mutagenesis—Standard

recombinant molecular biology techniques were used in clon-
ing�1-kb rat glut4 upstreamDNA sequences obtained by PCR
amplification of genomic DNA from 450-day female (control)

rat skeletal muscle. Bidirectional cloning of the PCR amplifica-
tion product obtained by using the Herculase hot start enzyme
(Stratagene Inc., La Jolla, CA) was accomplished by ligating the
KpnI- and HindIII-restricted glut4DNA fragment to the pGL3
vector proximal to the contained firefly luciferase reporter gene
(Promega Inc., Madison, WI). DNA sequences of the glut4-
amplified product and its distal luciferase reporter gene were
confirmed by DNA sequencing using specific primers. These
sequences were aligned and compared with the rat, mouse, and
human glut4 upstream sequences in GenBankTM using the
ClustalW alignment search software (33). Next, a search for
transcription factor-binding sites that demonstrated high fidel-
ity was performed using TRANSFAC 4.0 data base search
(IMD� version 1.1, CBIL/GibbsMat� version 1.1, available on
line) (34). In particular, the highly conserved MEF2- and
MyoD-binding sites were delineated within the rat glut4
upstream sequences. In addition, using the CpG islander
searcher software (35), we identified multiple highly stringent
CpG dinucleotide-enriched sequences in and around the prox-
imal region of the glut4 promoter. These CpG dinucleotides in
close proximity to the MEF2/MyoD-binding site were artifi-
cially grouped into three clusters, CpG-I, CpG-II, and CpG-III
to facilitate analysis without disrupting the transcriptional
binding sites. An additional eight CpG islands (numbered
21–28) 3� to the MEF2/MyoD-binding site but 5� to the tran-
scription start site were also identified for analysis. Both prim-
er-specific PCR-mediated (QuikChange mutagenesis kits,
Stratagene) deletions and/or substitutions of target sequences
were performed and confirmed by DNA sequence analyses.
The primer sequences employed for DNA cloning and muta-
tional analysis are shown in supplemental Table 1.
Transient Transfection and Reporter Activity Assays—Tran-

sient transfection of culturedC2C12 cellswas achieved by using
Lipofectamine 2000 (Invitrogen) according to the manufactur-
er’s protocol. Briefly, 2–4 �g of glut4-luciferase DNA con-
structs alongwith 0.5�g of the�-galactosidase expressing plas-
mid were incubated with Lipofectamine 2000 at room
temperature, in reduced serumcontainingOpti-MEMmedium
to facilitate DNA-liposome complex formation. After a 6–8-h
incubation of the washed adherent cells with the DNA-lipo-
some complex in either 6-well or 60-mm plates, fresh medium
was added and incubation continued for varying durations. Fol-
lowing cell lysis, luciferase reporter activity was assessed in 20
�l of the cell extract that wasmixedwith 100�l of the luciferase
assay reagent, and firefly luciferase activity was measured as
light output (10 s) by a standard luminometer (Monolight 2010,
Analytical Luminescence Laboratory, San Diego). To deter-
mine the transfection efficiency, �-galactosidase activity was
also assayed by the luminometer according to the manufactur-
er’s protocol (Promega, Madison, WI). The glut4 promoter-
driven luciferase enzyme activity was expressed as a ratio to the
corresponding�-galactosidase activity per cellular protein con-
centrations (36).
Effect of in Vitro Manipulations on Reporter Gene Activity—

Tomethylate DNA in vitro, 10–20�g of pglut4-Luc containing
pGL3 plasmid DNA was treated with 10–20 units of SssI DNA
methylase enzyme (New England Biolab, Ipswich, MA) for 6 h
at 37 °C in a 20–50-�l volume and then purified in a quick
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column (Qiagen Inc., Valencia, CA) after deactivation. The
CpG-methylated reporter DNA was digested by HpaII and
BstU1 and comparedwith the correspondingwild typeDNAon
agarose gel electrophoresis. To assess the effect of DNA meth-
ylation on glut4 promoter activity, theWT andmodified glut4-
luciferase DNA were transiently transfected into C2C12 cells,
and luciferase reporter activity was assessed after 48 h (36).
To inhibit histone deacetylase (HDAC) enzymes in general,

0, 0.3, and 0.6 �M trichostatin A (Upstate Inc., Lake Placid, NY)
was added to cultured cells for 12 h prior to assessing reporter
luciferase enzyme activity. In addition, the effect of glucose and
amino acid deprivation was examined in vitro by culturing
C2C12 cells in starvation medium (Hanks’ balanced salt solu-
tion with calcium chloride, magnesium chloride, sodium pyru-
vate and dialyzed 10% fetal bovine serum) (Sigma). The cells
were initially maintained in complete Dulbecco’s modified
Eagle’smediumwith high glucose (4.5 g/liter), L-glutamine, and
sodium pyruvate along with 10% fetal bovine serum. Following
overnight transfection in Opti-MEM media of the glut4 pro-
moter-luciferase DNA construct, 50% glucose and amino acid
content in culturing media was achieved for 24 h. The reporter
luciferase gene activity was measured after cell lysis according
to the manufacturer’s protocol.
Animals—Sprague-Dawley rats (Charles River Breeding Lab-

oratories, Hollister, CA) were housed in individual cages,
exposed to 12:12-h light-dark cycles at 21–23 °C, and allowed
ad libitum access to standard rat chow. Animal care and use
were approved by the Animal Research Committee at UCLA in
accordance with the guidelines from the National Institutes of
Health.
Prenatal Semi-nutrient Restriction Model—Pregnant rats

received 50% of their daily food intake (11 g/day) beginning
fromday 11 throughday 21 of gestation,which constitutesmid-
to late gestation, as compared with their control counterparts
that received ad libitum access to rat chow (�22g/day). Both
groups had ad libitum access to drinking water (3, 4). At birth,
the litter size was culled to six. The newborn rats born to semi-
nutrient-restricted mothers were reared by the same mother
that continued to be semi-nutrient restricted by receiving 20g/
day food intake through lactation (IUGR) (3). Similarly, new-
born pups born to control mothers were reared by the control
mother with ad libitum access to rat chow (�40g/day) (CON).
This food restriction scheme ensured that the semi-nutrient
restricted maternal rats received about �50% of the ad libitum
food intake throughmid- to late pregnancy and lactation (3). At
day 21, in both experimental groups, the pups were weaned
from the mother and maintained in individual cages with ad
libitum access to a similar diet of standard rat chow (3, 4).
Skeletal Muscle Preparation—Hind limb skeletal muscle was

rapidly separated from surrounding tissues, quickly snap-fro-
zen in liquid nitrogen, and stored at �70 °C as described previ-
ously (4). Skeletal muscle was powdered under liquid nitrogen
prior to use for varying extractions.
Northern Blot Analysis—Total RNA was isolated using the

TRIzol reagent (Invitrogen). The extracted RNA (15 �g/lane)
was subjected to Northern blot analysis as described previously
(4). A 32P-labeled 439-bp fragment of the rat glut4 cDNAserved
as the probe. The probe was prepared by amplifying rat glut4

cDNA containing the coding region spanning exons 4–7, with
the forward primer 5�-ccggaattcctatgctggccaacaatgtc-3� that
primed rat glut4 cDNA at the beginning of exon 4 and the
reverse primer 5�-cacacaagcttagtgcatcagacacatcagc-3� that
primed rat glut4 cDNA at the beginning of exon 7. PCR param-
eters for the glut4 cDNA amplification over 30 cycles consisted
of 95 °C for 2min initially, followed by denaturation at 95 °C for
30 s, annealing at 60 °C for 60 s, extension at 72 °C for 30 s, and
the last step consisting of 72 °C for 5 min. Inter-lane loading
variability of Northern blots was standardized by re-hybridiza-
tion of stripped filters with a 32P-labeled rat 589-bp fragment of
the �-actin cDNA probe (37). The rat �-actin probe was ampli-
fied with a forward primer 5�-acctgacagactacctcatg-3� and a
reverse primer 5�-taacagtccgcctagaagca-3� with similar PCR
conditions except for annealing at 55 °C for 30 s and extension
at 72 °C for 90 s. In the case of insulin, pancreatic RNA was
extracted and Northern blot analysis performed using similar
conditions with a PCR-amplified rat I insulin probe (38) using
an internal control of rat �-actin (37). The rat insulin I probe
was amplified using the following primers: forward primer
5�-atagaccatcagcagcaagcagg-3� and reverse primer 5�-tccagtt-
gtggcacttgcg-3� (GenBankTM accession number V01242) in
PCR beginning at 94 °C for 5 min followed by denaturation at
94 °C for 30 s, annealing at 58 °C for 1 min, and extension at
72 °C for 1 min over 35 cycles followed by 72 °C for 5 min. The
insulin I probe was digoxigenin-labeled (Roche Diagnostics)
and used with 15 �g of RNA/lane loading. The signals on
blots were quantified with a Variable Mode Imager
(Typhoon 9410, Amersham Biosciences). The results were
expressed as a ratio between glut4 and �-actin mRNA or
insulin and �-actin PhosphorImager values.
Electromobility Shift Assay (EMSA)—The 1-kb upstream

glut4 wild type and mutant clones carrying deletions of
MyoD-I, MyoD-II, and MEF2 binding domains were amplified
by PCR. Primers encompassing MyoD-I-, MyoD-II-, and
MEF2-binding sites individually were employed to produce
�100-bp size DNA fragments carrying either only one binding
site each or a deleted binding site that was then end-labeled
with [�-32P]ATP (Perkin Elmer Life Sciences) and T4 polynu-
cleotide kinase. The primers used for amplifying the wild type
and mutated probes are listed in supplemental Table 2.
Approximately 6 fmol (specific activity� 3000Ci/mmol) of the
labeledDNAprobewas added to 5�g of skeletalmuscle nuclear
extract in a final volumeof 20�l containing 1�g of poly(dI-dC),
10 mM Tris-HCl, pH 7.5, 50 mM NaCl, 0.5 mM EDTA, 1 mM

MgCl2, 4% glycerol, 1 mM dithiothreitol and incubated for 15
min at room temperature. Subsequently, the DNA-protein
complexes were separated from unbound DNA by electro-
phoresis through a 5% nondenaturing polyacrylamide gel in
a 90 mM Tris borate, 2 mM EDTA buffer. The gels were dried
and subjected to autoradiography (39). Competition
occurred in the presence of 10–100-fold excess of unlabeled
DNA oligonucleotides. In electrophoretic mobility super-
shift assays, 2 �g of the respective antibody (IgG) was
included in the reaction mix and incubated for 30 min. DNA
target sequences (oligonucleotides) used in gel shift reac-
tions are listed in supplemental Table 3.
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DNA Bisulfite Modification Assay—Genomic DNA was
extracted from 450-day female CON and IUGR and 2-daymale
and female CON and IUGR skeletal muscle using the DNeasy
tissue kit (Qiagen Inc., Valencia, CA). The extracted DNA was
subjected to bisulfite modification using the CpGenome fast
DNA modification kit (Chemicon International Inc.,
Temecula, CA). The bisulfite-modified naked DNA served as
the template in a PCR where specific regions containing the
CpG-I, CpG-II, and CpG-III islands and other 3�-CpG-rich
regions of the upstream glut4 promoter 5� to the transcription
start site were amplified with primers created by the
MethPrimer software (40). The PCR-amplified DNA was
cloned in a TOPO-TA vector (Invitrogen) after the addition of
a 3�-A. These clones were then sequenced to detect either
unmodified CpG islands protected by a methyl group or mod-
ified TpG islands because of de-amination and sulfonation of
the unmethylated cytosines (40).
Chromatin Immunoprecipitation (ChIP) Assay—ChIP assays

were performed as described previously (41) with some modi-
fications. Powdered skeletal muscle was fixed in 1% formalde-
hyde for 45 min at room temperature. The tissue pellet was
resuspended in cell lysis buffer (5 mM Pipes (KOH), pH 8.0, 85
mM KCl, 0.5% Nonidet P-40) containing protease inhibitors
(100mMphenylmethylsulfonyl fluoride at 1:100 dilution in eth-
anol, aprotinin at 10 mg/ml concentration diluted to 1:1000 in
0.01 M HEPES, pH 8.0, and leupeptin at 10 mg/ml diluted to
1:1000 inwater) and homogenizedwith anOmni tissue homog-
enizer, 115 V (Omni International, Inc., Marietta, GA). The
separated nuclei were lysed in nuclear lysis buffer (50 mM Tris,
pH 8.1, 10 mM EDTA, 1% SDS) containing protease inhibitors.
The resultant chromatinwas sonicated (Fishermodel 100 Sonic
Dismembrator) on ice with 20 pulses for 15 s each at setting 4
with a 1-min rest interval between pulses. The average length of
sonicated chromatin was determined by resolving on a 1.5%
agarose gel and found to be �500 bp. The sample was then
centrifuged at 4 °C (10min at 14,000 rpm) to remove cell debris
from the crude chromatin lysate. Ten percent of the lysate was
used as the input control for PCR. Fifty �g (at A260) of sheared
chromatin was added to a final volume of 500 �l of the immu-
noprecipitation (IP) dilution buffer and pre-cleared with 25 �l
of salmon sperm DNA/protein A-agarose slurry (Upstate Bio-
technology, Inc., Lake Placid, NY) at 4 °C for 30 min. The pre-
cleared chromatin was subsequently incubated overnight on a
nutator with 2�g of a primary polyclonal antibody at 4 °C. Fifty
�l of pre-blocked protein A-agarose beads were then added to
the pre-cleared chromatin for 2 h, followed by centrifugation at
14,000 rpm for 3 min at room temperature. The pellet was
washed twice with 0.4 ml of wash buffer A (50 mM HEPES, pH
8.0, 0.1% SDS, 1% Triton X-100, 0.1% deoxycholate, 1 mM
EDTA, 140 mMNaCl) followed by two washes with 0.4 ml each
of wash buffer B (50 mM HEPES, pH 8.0, 0.1% SDS, 1% Triton
X-100, 0.5% deoxycholate, 1 mM EDTA, 500 mM NaCl), then
LiCl-containing buffer (20 mM Tris-HCl, pH 8.0, 0.5% Nonidet
P-40, 0.5% deoxycholate, 1mMEDTA, 250mMLiCl, and TE (10
mM Tris-HCl, pH 8.0, 1 mM EDTA)). Antibody-protein-DNA
complexes were eluted fromproteinA-agarose beads by adding
100 �l of the elution buffer (50 mM Tris-HCl, pH 8.0, 1 mM
EDTA, and 1% SDS) followed by 150 �l of TE buffer with 0.67%

SDS at 65 °C for 10min each. The combined supernatants were
incubated overnight at 65 °C after addition of 1 �l of RNase A
(10 mg/ml) to reverse the formaldehyde cross-links. The com-
plex was then treated with proteinase K at 55 °C for 2 h,
extracted once with phenol/chloroform/isoamyl alcohol and
once with chloroform/isoamyl alcohol, and subsequently pre-
cipitated overnight at �20 °C with ethanol in the presence of 5
�g of tRNA and 5 �g of glycogen. The DNA concentration in
the complexwas determined by aDip Stick kit (Invitrogen), and
�2–4 ng of immunoprecipitated DNA was used as a template
in each PCR. The PCR consisted of 25 �l of the reaction mix
containing 8 �l of the DNA template, 0.75 �M of forward
primer, 0.25�Mof reverse primer, 10� PCR buffer with 1.5mM
MgCl2, 200 �M dNTPs, and 0.25 �l of Taq polymerase (5 units/
�l). The PCR amplification in a T3 thermocycler (Biometra,
Goettingen, Germany) for the glut4 promoter region from
�836 to �452 bp was performed initially at 95 °C for 2 min,
followed by 30 cycles of denaturation at 95 °C for 30 s, annealing
at 55 °C for 30 s, extension at 72 °C for 30 s, and then at 72 °C for
4 min. The PCR employed for GAPDH (amplification product
targeted at the translational start site 1–231 bp spans exons
1–4) consisted of 25 �l of the reaction mix containing 2 �l of
the DNA template, 0.5 �M forward primer, 0.5 �M reverse
primer, 10� PCR buffer with 1.5 mM MgCl2, 200 �M dNTPs,
and 0.25�l ofTaqpolymerase (5 units/�l), whichwas subjected
to amplification in a T3 thermocycler. The PCRwas performed
as described above except for an annealing temperature of 60 °C
over 60 s (38, 39). The primers used in these PCRs are listed in
supplemental Table 4. Other controls consisted of a 248-bp
amplification product �1 kb upstream from MyoD-MEF2
binding region of rat glut4 (forward primer spanning�2172 bp
to 2149 bp, 5�-accaagtgtaatcccaggcctcat-3�, and reverse primer
spanning �1947 bp to �1924 bp, 5�-ttgttgccctgtggtcaagtttgg-
3�) in the presence or absence of anti-RNA polymerase II IgG
and a nonspecific IgG.
Western Blot Analysis—Fifty�g of the extracted nuclear pro-

tein fraction (per the nuclear extraction kit manufacturer’s
instructions; Active Motif, Carlsbad, CA) was solubilized in 50
mM Tris, pH 6.8, containing 2% SDS and the protein concen-
tration determined by the Bio-Rad dye binding assay (42) prior
to undertaking Western blots as described previously (39).
Co-immunoprecipitation (Co-IP)—Hundred �g of nuclear

protein was pre-cleared with 40 �l of 50% protein A-agarose
slurry (1:1 dilution) (Pierce) in the lysis buffer consisting of 25
mMTris, pH 8.0, 100mMNaCl, 10% glycerol, Nonidet P-40, 1.5
mM MgCl2, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl
fluoride, 20 �g/ml leupeptin, and 1 �g/ml pepstatin A at 4 °C
(all procedures were carried out in the cold unless stated oth-
erwise) by gentle agitation for 30 min. The samples were cen-
trifuged (2000 rpm, 2 min) and 10 �l of anti-HDAC1, anti-
MEF2A, anti-MEF2D, anti-HDAC4, or anti-MyoD was added,
and incubation was carried out overnight with gentle agitation.
Fifty �l of the protein A-agarose slurry (1:1 dilution) was added
and incubation was continued for 2 h. Protein A-agarose beads
were washed twice for 5 min each in 500 �l of the lysis buffer
and then boiled for 5 min in SDS sample buffer with 100 mM
dithiothreitol. The proteins were separated on 4–15% SDS-
PAGE and then processed forWestern blotting (39). Themem-
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braneswere probedwith 1:50 dilution of the anti-HDAC1, anti-
HDAC4, anti-MEF2A, anti-MEF2D, anti-DNMT3a, anti-
DNMT3b, or anti-MyoD (1:1000 dilution) antibodies.
Data Analysis—All data are depicted as the means � S.E.

Differences between two groupswere validated by the Student’s
t test. Significance was assigned when the p value was �0.05.

RESULTS

Cis-elements of the Rat glut4 Gene Promoter

Data base (CpG Island Searcher) (35) search demonstrated
highly stringent �58–59% GC-rich area (observed CpG/ex-
pectedCpG is 0.65) in a length of 407 bp spanning from�748 to
�342 bp in the rat glut4 gene promoter (GenBankTM accession
number L36125). These CpG islands consisting of CpG-I (7
CpGs in 114-bp region), CpG-II (7 CpGs in 98 bp), and CpG-III
(2 CpGs in 30 bp) are in close proximity and intertwined by one
MyoD (-CACCTG; �739 to �734 bp) and one myocyte
enhancer factor 2 (MEF2) transcription factor binding domains
(-CTAAAAATAG-) (�466 to �457 bp). We found another
conserved MyoD binding sequence region (CAGCTG) in the
glut4 5�-flanking upstreamDNA to encompass theMEF2 bind-
ing region. The proximalMyoD-II (�152 to�147 bp) sequence
(-cagctg-) (TRANSFAC, 4.0, Job W0854015084) (34) is not
identical to that of the distal MyoD-I (�739 to �734 bp) (-cac-
ctg-) sequence (Fig. 1A).
Inter-species comparison of the upstream region of the glut4

gene was performed by ClustalW program (33). Among rat,
mouse, and human, the MEF2-, MyoD-I-, and MyoD-II-bind-
ing sites were highly conserved. Other binding sites of PU.1,
WT-1, Sp1, and NF-1 were also present and conserved across
species. Furthermore, random CpG sites (numbered 18–35) in
the glut4 promoter were identified, and 9 of 18 dinucleotides
(50%) and overall 17 of 35 CpGs (48.6%) that included the
CpG-I, CpG-II, and CpG-III clusters were conserved across the
three species. An additional six CpGs were also nearly con-
served (numbered 2, 29, 32, 33, 34, and 35) across species sug-
gesting a functional role in transcription. For our investiga-
tions, we subcloned the mutated CpG island region as three
separate mutated DNA fragments and designated them as
CpG-I (�-723 bp to �610 bp), CpG-II (�-574 bp to �476 bp),
and CpG-III (�-453 to �424) retaining the intervening wild
type transcription factor binding sequences intact (Fig. 1A).

In Vitro Studies, Cis-elements Regulate glut4 Gene
Transcription

Transient transfection experiments in C2C12 murine myo-
blast cells using specific mutants in comparison with the wild
type upstream glut4-luciferase construct revealed that CpG-II,
MyoD-II (�156 to �145 bp), and MEF2 (�473 to �453 bp)
deletion mutations, but not CpG-I, CpG-III, and MyoD-I
(�-744 to �723 bp), significantly altered in vitro transcription
in the cell culture reporter assay (Fig. 1B). These observations
supported a role for MEF2 in activating, MyoD-II in inhibiting,
and MyoD-I not affecting gene expression in vitro. In contrast,
whereas CpG-I and CpG-III did not demonstrate an effect,
CpG-II alone inhibits gene expression (Fig. 1B). These observa-
tions support the CpG-II region to be either methylated or dif-
ferentially modified by repressor binding, because mutation of

this site activated luciferase gene expression (Fig. 1B). We next
SssI methylase-treated the glut4-luciferase DNA construct and
noted a resistance to methylation-sensitive restriction
enzyme(s) HpaII and BstU1 digestion as opposed to the
unmethylated DNA (Fig. 1C, top panel). Furthermore, this
methylase treatment led to complete suppression of reporter
gene expression as opposed to the wild type untreated DNA,
supporting methylation of cytosines in CpG clusters resulting
in complete gene silencing (Fig. 1C, bottom panel). We next
employed a generic HDAC inhibitor, trichostatin A (0.6 �M).
These studies demonstrated that the MyoD-II site when
mutated led to a 5-fold activation of gene expression supporting
an HDAC-mediated inhibitory role for this site in glut4 gene
transcription (Fig. 1D). Mutations of the CpG-II, CpG-III,
MEF2, andMyoD-I sites led to a 1.5–2-fold activation suggest-
ing a role in HDAC-mediated inhibition of gene transcription
as well. Thus HDAC-mediated repression of either MEF2-
and/or MyoD-induced transcription of the glut4 gene is a dis-
tinct possibility. Furthermore, in the presence of in vitro glu-
cose and amino acid deprivation, significant suppression of
glut4 gene transcription was noted when compared with that
observed under control conditions (Fig. 1E).

In Vivo Studies

Skeletal Muscle glut4 mRNA—Fig. 2 demonstrates the 450-
day-old female and male skeletal muscle glut4 mRNA in the
IUGR versusCON. Although a 30–40% decline in the 450-day-
old female SM glut4 mRNA was observed by Northern blot
analysis (Fig. 2A), no such changewas noted in the age-matched
male SM (Fig. 2B). This change in the female was previously
also observed at 2 and 60 days of age (4) andwas associatedwith
lower pancreatic �-islet cell insulin mRNA concentrations
(supplemental Fig. S.1).
DNA Methylation of the Rat glut4 Gene and DNA

Methyltransferases—Bisulfite conversion of genomic DNA
obtained from 2-day-old male and female and 450-day-old
female skeletal muscle of IUGR and CON demonstrated no
differential 5�-cytosinemethylation of the threeCpG regions or
the proximal randomCpG sites closer to the transcription start
site of the glut4 gene. Instead unmethylated CpGs were
observed between theMyoD-I and far beyond theWT-1 recog-
nition sites (CpG 1–20, supplemental Fig. S.2) in both IUGR
and CON DNA. In both groups, the cytosines within the CA
repeats of the WT-1 region were protected from bisulfite con-
version. Similarly, CpG regions in the proximal promoter
region (21–27) (supplemental Fig. S.2) were also unmethylated
in both IUGR and CON groups. For employing Western blot
analysis on nuclear extracts and the ChIP assay (primers and
amplification products are shown in supplemental Fig. S.3) to
detect protein-DNA interactions, no difference inmaintenance
methylation mediated by DNMT1 enzyme recruitment to the
glut4 promoter region (supplemental Fig. S.4, panels I and II)
was observed in the 450-day-old female IUGR and CON. In
contrast, an increase in the de novo methylating DNMT3a
enzyme recruitment to glut4 promoter whether it contained
the MEF2 and MyoD-I or MEF2 -and MyoD-II-binding sites
(Fig. 2C, panels I–IV) was noted in the IUGR versus CON. A
lesser increase was apparent with the recruitment of DNMT3b
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to the glut4 promoter containing theMEF2- andMyoD-I-bind-
ing sites (Fig. 2D, panels I and III). Furthermore, although an
increase in nuclear MeCP2 (methyl CpG-binding protein 2)

concentrations was observed (supplemental Fig. S.4, panels III
and IV), there was no difference in the recruitment of this pro-
tein to the glut4DNA-protein complex in IUGR versus control

FIGURE 1. In vitro studies. A, scheme of the rat glut4 upstream region. The rat glut4 promoter region (1 kb) contains the three CpG islands, MyoD-I, MyoD-II, and
the MEF2 DNA binding consensus elements 5� to the transcriptional (�1) and translational (ATG) start sites. In addition, NF-1, Sp-1, PU.1, and WT-1 consensus
sequences are shown. The sequences deleted in mutant (�) constructs are depicted in parentheses. B, transient transfection of glut4-luciferase DNA constructs
in C2C12 murine skeletal muscle cell line. Luciferase reporter activity of wild type (WT) and mutated glut4-luciferase DNA constructs is depicted as a ratio to that
of the �-galactosidase gene. Differences between the wild type and various mutated constructs were established by analysis of variance (F � 11.6; p � 0.0001),
and inter-group differences in comparison with the WT DNA construct were determined by the post-hoc Tukey’s HSD test (* and **). Mutant CpG-II and MyoD-II
activate (Ac) and MEF2 de-activates (de-Ac) luciferase gene transcription. C, DNA methylation. glut4-luciferase DNA construct was either pretreated or
untreated with the SssI methylase enzyme. Top panel, demonstrates the methylated and unmethylated glut4 DNA that was restricted with methylation-
sensitive HpaII and BstU1 enzymes, and the digested DNA products were separated by gel electrophoresis along with the unrestricted DNA. Although the
unmethylated glut4 DNA was restricted yielding smaller products, the SssI methylase-treated methylated DNA was resistant to restriction enzyme digestion yielding
larger DNA products. M � DNA markers. Lower panel demonstrates the luciferase activity of SssI methylase-treated and untreated glut4-luciferase (0–4 �g) transiently
transfected in C2C12 cells. Differences between DNA concentration-matched methylated and unmethylated DNA-reporter activity was assessed by the Student’s t
test (*). D, histone de-acetylation. Transiently transfected C2C12 cells containing wild type (WT) and mutated glut4-luciferase DNA constructs were pretreated with
trichostatin A (0.6 �m), a generic HDAC inhibitor. The mutant constructs were compared with the WT construct by analysis of variance (F � 96.1; p � 0.0001), and
inter-group differences were established by the post-hoc Tukey’s HSD test (*, **). E, in vitro nutrient restriction. The transiently transfected cells containing the wild type
glut4-luciferase DNA construct were incubated in either a control or a nutrient-restricted (glucose and amino acid deprived) medium. Luciferase activity is depicted as
a ratio to the �-galactosidase gene (internal control) per protein concentration. Student’s t test demonstrated inter-group differences (*).
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(supplemental Fig. S.4, panels V and IV). In contrast, co-immu-
noprecipitation assays revealed increased protein-protein
interaction between DNMT3a and HDAC1 (Fig. 2C, panel V)
and DNMT3b and HDAC1 (Fig. 2D, panel V).

Adult Studies, Transactivating Nuclear Factors

MEF2 Protein Binding to the glut4 Gene—Although nuclear
concentrations of totalMEF2 protein decreased (Fig. 3A, upper
and lower panels), ChIP assays demonstrated increased total
MEF2 binding to the glut4 gene (�836 to�452 bp) in the IUGR
SM versus control (Fig. 3B, upper and lower panels). Further
confirmation by EMSA using SM nuclear extract and a radio-
labeled DNA containing the wild type MEF2-binding site
revealed a band shift that disappeared with a mutated MEF2-
binding probe with C2C12 cells serving as the positive control
(Fig. 3C). In addition, this band shift was specifically displaced
by excess unlabeledMEF2 oligonucleotide in control and IUGR
SM (Fig. 3D). This MEF2 band shift was of higher intensity in
the IUGRwhen compared with CON (Fig. 3,C andD). To tease
out the specific MEF2 isoforms engaged in glut4DNA binding,
supershift assays using isoform-specific MEF2 antibodies
revealed no supershift in the case of MEF2C as observed previ-
ously (43) similar to the absence of IgG, a supershift with
MEF2D of increased intensity but diminished intensity of
MEF2A in the supershift of IUGR versus control (p 	 0.005)
(Fig. 3, E and F). This observation supports the existence of an
unbalanced contribution by MEF2D or MEF2A homodimers
andMEF2A–2Dheterodimer in skeletalmuscle, with increased
MEF2D but decreased MEF2A association with the glut4 gene
in the case of IUGR.
MyoD Protein Binding to the glut4 Gene—InChIP assays, SM

chromatin of CON and IUGR containing the�836 to�452-bp
region of the glut4 gene that carried the MyoD-I-binding site
bound less of the MyoD nuclear factor in the latter versus the
former (Fig. 4,A andC). In contrastMyoDbinding to the�473-
to �45-bp region of the glut4 gene that contained the MyoD-
II-binding site was weaker in CONand absent in the IUGR (Fig.

FIGURE 2. Adult studies. A and B, skeletal muscle glut4 mRNA. Representa-
tive Northern blots demonstrating glut4 mRNA (2.8 kb) (top panel) and the
internal control �-actin (1.8 kb) mRNA (bottom panel) in skeletal muscle of
450-day-old control (CON) and IUGR female (A) and male (B) rats. The quanti-
fication by PhosphorImager analysis of glut4 mRNA in arbitrary units is
depicted as a ratio to �-actin and represented as a percent of control (CON).
Inter-group differences were established by the Student’s t test (*). NS, not
significant. C and D, DNA methyltransferases and glut4 5�-upstream region.
C, DNMT3a. Panels I and II, representative 2% agarose gels demonstrate the
input PCR glut4 and GAPDH control without an antibody (left panels), in the
presence of nonspecific (�) and anti-polymerase II (�) IgGs (middle panels),
and ChIP assay demonstrating the 384-bp PCR glut4 DNA amplification prod-
uct, which contains the MEF2- and MyoD-I-binding sites and CpG-I and CpG-II
regions (panel I) or the 428-bp PCR glut4 DNA amplification product contain-
ing MEF2, MyoD-II, and CpG-III regions (panel II), and the 230-bp PCR GAPDH
DNA amplification product (served as an internal control) obtained from
DNMT3a nuclear immunoprecipitates (IP) (right panels). M � DNA size markers,

C � control, and I � IUGR. Arrowheads show the glut4 and GAPDH DNA
bands. Panels III and IV, quantification of the amplified 384-bp (panel III) and
428-bp (panel IV) glut4 DNA product as a ratio to that of GAPDH, corrected for
the input control and expressed as a percent of CON. Difference between
CON and IUGR was assessed by the Student’s t test (*). Panel V, representative
Western blot demonstrating co-immunoprecipitation (co-IP) experiments
where DNMT3a was detected in association with input nuclear protein (Input)
obtained from CON and IUGR, anti-HDAC1 IgG chromatin IPs (HDAC1 IP) with
increased association of DNMT3a observed in IUGR versus CON, and no
DNMT3a detected in nonspecific IgG nuclear chromatin IP (IgG) of CON and
IUGR. D, DNMT3b. Panels I and II, representative 2% agarose gels demonstrate
the input PCR glut4 and GAPDH control without an antibody (left panels), in
the presence of nonspecific (�) and anti-polymerase II (�) IgGs (middle pan-
els), and ChIP assay demonstrating the 384-bp PCR glut4 DNA (panel I) or the
428-bp PCR glut4 DNA (panel II) and the 230-bp PCR GAPDH DNA amplifica-
tion products obtained from DNMT3b nuclear chromatin IPs (right panels).
M � DNA size markers, C � control, and I � IUGR. Panels III and IV, quantifica-
tion of the amplified 384-bp (panel III) and 428-bp (panel IV) glut4 DNA prod-
uct as a ratio to that of GAPDH corrected for the input control and expressed
as a percent of CON. Difference between CON and IUGR was assessed by the
Student’s t test (*). NS � not significant. Panel V, representative Western blot
demonstrating co-IP experiments where DNMT3b was detected in associa-
tion with input nuclear protein (Input) obtained from CON and IUGR, anti-
HDAC1 IgG nuclear chromatin IPs (HDAC1 IP) with slightly increased associa-
tion of DNMT3b observed in IUGR versus CON, and no DNMT3b detected in
IgG nuclear chromatin IPs (IgG) of CON and IUGR.
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4, B and C). Using radiolabeled WT and mutated (MUT)
MyoD-I and MyoD-II regions of the rat glut4 promoter and
control and IUGR SM nuclear extracts, with C2C12 nuclear
extracts serving as the positive control, EMSA demonstrated a
specific band shift with the WT MyoD-I (Fig. 4D) and WT
MyoD-II (Fig. 4E) probes. The band shifts with MyoD-I disap-
peared with theMUTMyoD-I radiolabeled probe or with com-
petition by excess unlabeled WTMyoD-I oligonucleotide (Fig.
4D). The band shift density in the presence of a MUT MyoD-II
radiolabeled probewas higher than thewild type probe and disap-
peared to a lesser extent with excess unlabeled WTMyoD-II oli-
gonucleotide (Fig. 4E) when compared with the competition with
the MyoD-I site (Fig. 4D). The density of the band shift with the
MyoD-I radiolabeled probe was decreased in IUGR versus CON
(Fig. 4,D–F), but the anti MyoD antibody failed to demonstrate a
detectable super-shifted band (data not shown).

MEF2-MyoD Interactions—Co-
immunoprecipitation experiments
employing the anti-MyoD antibody
in Western blot analysis to detect
this protein inMEF2A immunopre-
cipitates from SM nuclear extracts
revealed a decrease in IUGR com-
pared with control (Fig. 4G). In con-
trast, when the anti-MEF2A anti-
body was used in Western blot
analysis to detect this protein in
MyoD immunoprecipitates, no dif-
ference was observed between con-
trol and IUGR SM (Fig. 4H). These
observations suggest that when
equal amounts of MEF2A immuno-
precipitates were analyzed, a lower
amount of MyoD interacted with
MEF2A in the IUGR versus control.
However, whenMyoD immunopre-
cipitated protein amounts were
equalized and analyzed, no differ-
ences in MEF2A interaction with
MyoD were observed in the two
groups. Thus in the IUGR lower
amounts of MyoD interacted with
MEF2A in the nucleus.

Adult Studies, Histone
Modifications

Histone Acetylation of the glut4
Gene—Employing intact chromatin
from CON and IUGR SM, the ChIP
assay revealed interaction between
�836- to �452-bp region of the
glut4 gene, which contained the
MEF2- and MyoD-I-binding sites
and the two CpG regions (CpG-I
and CpG-II) and acetylated H3 (Fig.
5, A and B) and H4 proteins (data
not shown). However, a decrease in
acetylated H3 (p 	 0.001) (Fig. 5, A

andB, panel I) andnotH4 (data not shown) that associatedwith
the glut4 genewas observed in IUGR versusCON. Further teas-
ing of histone 3 N-tail amino acid residues revealed decreased
acetylation of lysine 14 (Fig. 5,A and B, panel II) in IUGR versus
CON (p	 0.001), with no difference in that of lysine 9, 18, or 27
(data not shown).
Histone De-acetylation of the glut4 Gene—The next set of

experiments was performed to determine whether HDACs
were involved in SM glut4 gene expression. The results of our in
vitro experiments using a generic HDAC inhibitor (Fig. 1D)
motivated the in vivo ChIP experiments using IUGR and CON
SM chromatin containing either the �473- to �45-bp region
that includes theMEF2- andMyoD-II-binding sites (428 bp) or
the �836- to �452-bp region that includes the MEF2- and
MyoD-I (384 bp)-binding sites of the glut4 gene. The former
region recruited HDAC1 in the IUGR but not in CON (p 	

FIGURE 3. Adult studies, MEF2 nuclear protein and glut4 DNA. A, top panel, representative Western blot
demonstrating total nuclear MEF2 protein concentrations in CON and IUGR skeletal muscle with the nuclear
marker Lamin A protein serving as an internal loading control. Bottom panel, quantification of MEF2 protein
concentrations as a ratio to Lamin A protein is depicted as a percent of CON. Inter-group difference was
assessed by Student’s t test (*). B, top panel, representative 2% agarose gels demonstrate the input PCR glut4
and GAPDH control without an antibody, in the presence of nonspecific (�) and anti-polymerase (�) IgGs and
ChIP assay demonstrating the 384-bp PCR glut4 and the 230-bp PCR GAPDH DNA amplification products
obtained from total MEF2 nuclear chromatin IPs. M � DNA size markers, C � control, and I � IUGR. Bottom
panel, quantification of the ChIP glut4 amplification product represented as a ratio to that of GAPDH, corrected
for the input control, and shown as a percent of CON. Inter-group difference is assessed by Student’s t test (*).
C, representative polyacrylamide gel demonstrating two gel-shifted bands (arrows) in the presence of a 32P-
end-labeled DNA probe (free probe) that spans the glut4 gene containing the wild type (WT) MEF2-binding site
that are not seen in the presence of MUT MEF2-binding site in C2C12 cell (positive control), CON and IUGR
skeletal muscle nuclear extracts. D, representative polyacrylamide gel demonstrating competition for the two
gel-shifted bands (arrows) in the presence of a 32P-end-labeled DNA probe that spans the glut4 gene contain-
ing the wild type MEF2-binding site and skeletal muscle nuclear extracts from CON and IUGR groups with
increasing concentrations (10� to 100�) of unlabeled probe. E, representative polyacrylamide gel demon-
strating supershifted bands (double arrow) in the presence of a 32P-end-labeled glut4 DNA probe containing
the wild type MEF2-binding site, skeletal muscle nuclear extracts from control (C) and IUGR (I) groups, and
anti-MEF2C, anti-MEF2D, anti-MEF2A IgGs and in the absence of IgG (�ve). F, quantification of the MEF2D and
MEF2A supershift bands in control (CON) and IUGR groups. Difference between the two groups was assessed
by Student’s t test (*).

Histone Code and glut4 Expression

13618 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 20 • MAY 16, 2008



0.001) (Fig. 5C), whereas the latter region failed to interact with
HDAC1 (data not shown) but demonstrated enhanced associ-
ation with HDAC4 in IUGR versus CON (p 	 0.001) (Fig. 5D).
No differences in glut4 gene interaction with any of the other
HDACs was observed between IUGR and CON (data not
shown). These observations support the need for two classes of
HDACs (HDAC4 and HDAC1) in the assembly of a transcrip-

tion repressor complex (44) with
HDAC1 being the critical instigator
in IUGR.
HDAC and MEF2D Protein-Pro-

tein Interactions—Because MyoD
failed to demonstrate specific bind-
ing of DNA containing the MyoD-
II-binding site (Fig. 4E), and
HDAC1 failed to associate with
DNA containing the MyoD-I-bind-
ing site of the glut4 gene (data not
shown), we questioned the associa-
tion of HDAC1 withMEF2 proteins
rather than theMyoDprotein by co-
immunoprecipitation experiments.
HDAC1 formed a complex with the
MEF2D isoform in IUGR and CON
SM nuclear extracts. The anti-
MEF2D antibody detected in-
creased amounts of the protein in
HDAC1 immunoprecipitates ob-
tained from IUGR versus CON SM
(Fig. 5E). Because HDAC4 associ-
ated with DNA containing the
MEF2- and MyoD-I- and not
MyoD-II-binding sites, co-immu-
noprecipitation confirmed higher
association of MEF2Dwith HDAC4
in the IUGR versus CON (Fig. 5F).
Thus, MEF2D is the common
nuclear factor that binds HDAC1
andHDAC4. The increased interac-
tion of MEF2D, a transcriptional
inhibitor, withHDAC1 andHDAC4
(repressors) (45) along with de-
creased interaction of MEF2A,
a transcriptional activator with
MyoD (potential co-activator) (Fig.
4G) (19–21, 43, 46) in IUGR, sets
the stage for repression of the glut4
gene transcription.
Histone Methylation of the glut4

Gene—Increased dimethylation of
the histone 3 N-tail lysine 9 (inhi-
bition) (p 	 0.05) and not lysine 4
(activation) amino acid residues
was associated with the IUGR SM
chromatin, containing the �836
to �452-bp region of the glut4
gene, versus CON (Fig. 6, A–C).
This was associated with increased

nuclear SUV39H1 histone 3.K9 methylase enzyme concen-
trations (p 	 0.002) (Fig. 6D), resulting in increased recruit-
ment to the glut4 gene (p � 0.004) (Fig. 6E), in IUGR SM
versus CON. Nuclear concentrations of heterochromatin
protein HP1� (repressor) were higher (p 	 0.001) (Fig. 6F)
with increased recruitment to the glut4 gene (p 	 0.039) in
IUGR versus CON (Fig. 6G).

FIGURE 4. Adult studies, MyoD nuclear protein and glut4 DNA. A, representative 2% agarose gels demon-
strate the input PCR glut4 and GAPDH control without an antibody (left panel), in the presence of nonspecific
(�) and anti-polymerase II (�) IgGs (middle panel), and ChIP assay demonstrating the 384-bp PCR glut4 DNA
and the 230-bp PCR GAPDH DNA amplification products obtained from total MyoD nuclear chromatin IPs (right
panel). M � DNA size markers, C � control, and I � IUGR. Arrowheads demonstrate the glut4 and GAPDH DNA
bands. B, representative 2% agarose gels demonstrate the input PCR glut4 and GAPDH control without an
antibody (left panel), in the presence of nonspecific (�) or anti-polymerase II (�) IgGs (middle panel), and ChIP
assay demonstrating the 428-bp PCR glut4 DNA and the 230-bp PCR GAPDH DNA amplification products
obtained from total MyoD nuclear chromatin IPs (right panel). M � DNA size markers, C � control, and I � IUGR.
Arrowheads show the glut4 and GAPDH DNA bands. C, quantification of the ChIP glut4 amplification product
represented as a ratio to that of GAPDH, corrected for the input control and shown as a percent of CON.
Inter-group difference between MyoD-I and MyoD-II compared with their respective CON was assessed by
Student’s t test (*). D, representative polyacrylamide gel demonstrating a single gel-shifted band (arrows)
in the presence of a 32P-end-labeled DNA probe (free probe) that spans the glut4 gene containing the wild
type (WT) MyoD-I-binding site, which is not seen in the presence of MUT MyoD-I-binding site and nuclear
extracts obtained from C2C12 cells (positive control), CON, and IUGR skeletal muscle. This gel shift band is
competed effectively by excess (10�, 100�) unlabeled DNA probe in the CON skeletal muscle nuclear
extract with the WT-labeled DNA as the probe. E, representative polyacrylamide gel demonstrating a
single gel-shifted band (arrows) in the presence of a 32P-end-labeled DNA probe (free probe) that spans the
glut4 gene containing the wild type (WT) MyoD-II-binding site, which is more intense in the presence of
MUT MyoD-II-binding site and nuclear extracts obtained from C2C12 cells (positive control), CON, and
IUGR skeletal muscle. This gel shift band is only partially competed by excess (10�,100�) unlabeled DNA
probe in the CON skeletal muscle nuclear extract with the WT-labeled DNA as the probe. F, quantification
of the MyoD-I gel shift band in CON and IUGR groups shown as a percent of CON. Difference between the
two groups was assessed by Student’s t test (*). G and H, MEF2 and MyoD protein-protein interaction. G,
representative Western blot demonstrated MyoD protein band (arrow) in CON and IUGR input chromatin
in the absence (input) or presence of nuclear MEF2A IP or in the presence of a nonspecific IgG (IgG) alone.
H, representative Western blot demonstrated MEF2A protein band (arrow) in CON and IUGR input chro-
matin in the absence (input) or presence of nuclear MyoD-IP or in the presence of a nonspecific IgG (IgG)
alone.
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Postnatal Studies, Transactivating Nuclear Factors and
Histone Modifications

To determine whether the histone modifications of the 450-
day-old IUGR SM glut4 reflect epigenetic modifications, we

examined the immediate postnatal
period (2 days). ChIP assays
revealed increased recruitment of
DNMT1 (p � 0.005) (Fig. 7A) but
not DNMT3a and DNMT3b
enzymes to the �836- to �452-bp
region (MEF2 and MyoD-I) of the
glut4 gene in IUGR versus CON
(supplemental Fig. S.5, A and B).
This is despite no differential meth-
ylation of CpG islands in the glut4
promoter of IUGR versus CON
(supplemental Fig. S.2). A decline in
MyoD (p� 0.0074) (Fig. 7B) with no
change in totalMEF2 (Fig. 7C) bind-
ing to the glut4 gene was also
observed at this early age, when SM
glut4 expression is significantly
lower than in the adult (4). Similar
to the adult, the postnatal female
IUGR offspring demonstrated
de-acetylation of H3 (p � 0.0006)
(Fig. 8A), particularly the H3.K14
residue (p � 0.0001) (Fig. 8B). This
was mediated by increased recruit-
ment of HDAC1 (p � 0.048) (Fig.
8C) and HDAC4 (p � 0.0067) (Fig.
8D). Furthermore, increased dim-
ethylation of the histone 3 N-tail
lysine 9 amino acid residue (p �
0.0015) (Fig. 8E) with increased
recruitment of SUV39H1, the
H3.K9 methylase enzyme (p �
0.0018) (Fig. 8F), and the HP1�
repressor protein (p � 0.04) (Fig.
8G) to the glut4 gene in IUGR was
observed.

DISCUSSION

Previous investigations have dem-
onstrated variable results regarding
IUGR-induced changes in skeletal
muscle GLUT4 mRNA and protein
concentrations. Different rat mod-
els of the IUGR adult offspring, such
as the utero-placental insufficiency
or selective protein restriction, have
shown no change in the former
(47) and a minimal decrease in the
latter (6) of skeletal muscle total
GLUT4 protein concentrations. In
contrast, our prior investigations
and those of others employing
total calorie restriction-induced

IUGR have demonstrated significantly decreased skeletal mus-
cleGLUT4mRNAand protein concentrations as early as 2 days
of age persisting into adult stages (4, 14). This latter observation
was replicated in the young adult IUGR human skeletal muscle,

FIGURE 5. Adult studies, acetylated histones associated with the glut4 gene. A, representative 2% agarose gels
demonstrate the input chromatin PCR-amplified glut4 and GAPDH control without an antibody (left panel), in the
presence of nonspecific (�) and anti-polymerase II (�) IgGs (2nd panel), and ChIP assay demonstrating the PCR
amplification products of the 384-bp glut4 DNA or 230-bp GAPDH DNA (internal control) from CON (C) and IUGR (I)
skeletal muscle chromatin in the presence of either anti-acetyl-histone 3 IgG (3rd panel) or the anti-acetyl-histone
3.lysine 14 amino acid IgG (right panel). B, quantification of the PCR glut4 amplification product in the acetyl H3
chromatin IP (panel I) and the acetyl-H3.K14 chromatin IP (panel II) as a ratio to the GAPDH DNA product corrected for
the input control and expressed as a percent of CON. Inter-group difference was established by the Student’s t test
(*). Histone deacetylase enzyme interaction with the glut4 gene is shown. C, top panel, representative 2% agarose
gels demonstrate the input chromatin PCR-amplified glut4 and GAPDH control without an antibody (left panel), in
the presence of nonspecific (�) and anti-polymerase II (�) IgGs (middle panel), and ChIP assay demonstrating the
PCR amplification products of the 428-bp glut4 DNA or 230-bp GAPDH DNA from CON (C) and IUGR (I) skeletal
muscle chromatin in the presence of anti-HDAC1 IgG. Bottom panel, quantification of the PCR glut4 amplification
product in the HDAC1 chromatin IP as a ratio to the GAPDH DNA product corrected for the input control and
expressed in arbitrary units because the product was undetectable in CON. Inter-group difference was established
by the Student’s t test (*) after arbitrarily assigning a value of 0.1 to CON. D, top panel, representative 2% agarose gels
demonstrate the input chromatin PCR-amplified glut4 and GAPDH control without an antibody (left panel), in the
presence of nonspecific (�) and anti-polymerase II (�) IgGs (middle panel) and ChIP assay demonstrating the PCR
amplification products of the 384-bp glut4 DNA or 230-bp GAPDH DNA from CON (C) and IUGR (I) skeletal muscle
chromatin in the presence of anti-HDAC4 IgG. Bottom panel, quantification of the PCR glut4 amplification product in
the HDAC4 chromatin IP as a ratio to the GAPDH DNA product corrected for the input control and expressed as a
percent of CON. Inter-group difference was established by the Student’s t test (*). MEF2D and HDAC interaction is
shown. E, representative Western blot demonstrates MEF2D protein band (arrow) in CON and IUGR input nuclear
protein in the absence (input) or presence of HDAC1 IP (HDAC1 IP) or in the presence of a nonspecific IgG (IgG) alone.
F, representative Western blot demonstrates MEF2D protein band (arrow) in CON and IUGR input nuclear protein in
the absence (input) or presence of nuclear HDAC4 IP (HDAC4 IP), or in the presence of a nonspecific IgG (IgG) alone.
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lending credence to this finding (6). To sort out this discrep-
ancy between studies, we systematically assessed sex-specific
differences in this study. Investigations using the utero-placen-
tal insufficiency did not make a sex-dependent distinction; the
protein restriction rat models used males (6, 48), and the total
calorie restriction studies employed females (4, 14). In keeping
with prior results at earlier stages of development (2, 60, and 70
days) (4, 14), at 450 days the females demonstrated a significant
decrease in SM total glut4 mRNA concentrations. In contrast
the 450-day-old male IUGR offspring demonstrated no change
in SM total glut4 mRNA concentrations, supporting sex-spe-
cific differences. This sex-specific difference may stem from
early developmental perturbations in pancreatic �-islet cell
insulin synthesis/secretion and circulating insulin concen-
trations that are sex-dependent (48). The young females
demonstrate persistent postnatal hypoinsulinemia that reg-
ulates skeletal muscle glut4 transcription, although the
males normalize their insulin concentrations much earlier.
Based on this observation and our previous trans-genera-
tional persistence of the insulin-resistant phenotype in
females (25), we pursued transcriptional studies focused
on the adult and immediate postnatal female IUGR off-
spring. In addition, we employed in vitro experimentation to
demonstrate mechanistic links underlying the associative in
vivo observations.
We next investigated epigenetic mechanisms responsible for

heritable changes in gene expression underlying cellular mem-
ory retention. The two processes that underlie epigenesis are
DNA methylation, which occurs at the 5�-position of cytosine
residues within the nonrandomly distributed CpG dinucleoti-
des throughout the mammalian genome and histone N-tail
post-translational modifications. CpG methylation can regu-
late gene expression by modulating the binding of methyl-sen-
sitive DNA-binding proteins, thereby altering regional chro-
matin conformation and locus accessibility (26). Histone
modifications can alter the positioning of histone-DNA inter-
actions thereby also affecting chromatin conformation and
potentiating co-repressor complex formation (29, 30).
Generally DNA methylation in the promoter results in inhi-

bition of gene expression. Methylation of specific CpG islands,
particularly at critical epigenetically labile genomic regions,
with methylation-sensitive transcription factors contribute
toward gene silencing. Three potential epigenetic susceptibility
targets for environmentally induced effects are transposable
elements, the promoter region of housekeeping genes, and cis-
acting regulatory elements of imprinted genes (31). These
genomic targets contain CpG islands that are normally methy-
lated and if not lend toward metastability, unmethylation, or
differential methylation. Differential DNA methylation has
been demonstrated in promoters of genes involved in metabo-
lism, including glut4 (49) and uncoupling protein 2 gene (50). A
general defect in DNA methylation has been suggested in dia-
betes, and dietary factors can perturb DNA methylation (51–
53). The influence of perinatal diet on DNAmethylation status
and gene expression has been elegantly demonstrated using the
Avy-dependent coat color and obesity phenotypic readout. This
involved CpG methylation in the intracisternal A particle ret-
rotransposan present upstream of the transcription start site in

the Agouti gene (31, 54). Maternal methyl dietary supplemen-
tation with extra folic acid, vitamin B12, choline, and betaine or
genistein alone shifted the agouti yellow coat color distribution
of the offspring toward pseudoagouti with protection from the
obesity phenotype (31). This shift is caused by hypermethyla-
tion during early embryonic development at each of the seven
Avy pseudoexon 1A CpG sites that was evident in all tissues
arising from various cellular lineages and was maintained over
time through development (31).
Others have reported global genomic hypermethylation or

hypomethylation in livers of the IUGR offspring (53, 55). In
both cases, whether IUGR was because of selective nutrient
restriction or an ischemic event, false positives clouded the
results in lieu of methylated CpG sequence confirmation (53,
55). Recently livers of protein-restricted 28-day IUGRmale and
female offspring with that of controls were examined by meth-
ylation-sensitive PCR. Relative hypomethylation of the glu-
cocorticoid receptor 110 and the peroxisome proliferator-acti-
vated receptor � promoter, with enhanced expression of the
corresponding gene in the IUGR, was observed (56). Of impor-
tance was the observation that these changes were transmitted
to the F2 generation and could be reversed by excess folic acid
supplementation in the protein-restricted diet of the F0 gener-
ation (56, 57). Another study demonstrated that a methyl-defi-
cient diet of 3 weeks led to bisulfite-converted and sequencing-
confirmed hypomethylation of CpGs in the hepatic glutathione
S-transferase�promoter region that increased gene expression
(58). Because glucocorticoid receptor 110, peroxisome prolif-
erator-activated receptor �, or glutathione S-transferase �
genes are not housekeeping genes, whether they contain retro-
transposans and demonstrate hypomethylation of CpGs within
these regions, thereby resulting in diet-inducedmetastable epi-
alleles or constitute differentially methylated imprinted genes,
needs clarification (56–58).
Based on such investigations, in the case of IUGR skeletal

muscle glut4, we anticipated hypermethylation of key CpG
islands within the glut4 promoter region, similar to the results
of our in vitro studies with C2C12 cells. The bisulfite conver-
sion assay at birth and later in life at 450 days revealed no dif-
ferential CpGmethylation in the IUGR but rather hypomethy-
lation of the glut4 promoter region in IUGR and CON. This
finding at face value suggests no role for DNA methylation in
the glut4 promoter causing diminished SM glut4 transcription
in the IUGR offspring. Prior in vitro studies demonstrated
methylation of CpGs at �11 and �30 bp of the glut4 promoter
region in murine 3T3-preadipocytic cells but demethylation in
mature adipocytes. This differential methylation explained
silenced glut4 gene expression in the undifferentiated pre-adi-
pocytic stage with induced glut4 expression in differentiated
adipocytes (49). Furthermore, threeCpG sites at�58,�63, and
�75 bp were highly demethylated in both cell stages. However,
this observation has not been confirmed in vivo nor was the
methylated protein that binds the �40- to �1-bp region iden-
tified (49). In this study, we explored differential methylation
not only in the CpG islands that were in close proximity to the
MEF2/MyoD recognition sites but also the CpG sites scattered
throughout the promoter (numbered 18–28), including the
ones examined in this previous in vitro investigation (49). None

Histone Code and glut4 Expression

MAY 16, 2008 • VOLUME 283 • NUMBER 20 JOURNAL OF BIOLOGICAL CHEMISTRY 13621



of these sites demonstrated differ-
ential methylation in the IUGR ver-
sus CON. Thus, although it is
attractive to demonstrate hyperm-
ethylation of CpG regions within
gene promoters and assign some
responsibility to this change for the
ultimate phenotype, the reality is
that most CpG islands within
inducible promoters are hypom-
ethylated. Diet-induced develop-
mental hypermethylation in pro-
moters is encountered in the
presence of transposans as in the
Avy allele affecting all tissues or may
affect imprinted genes (31). When
tissue-specific differential methyla-
tion of CpGs in gene promoters is
encountered, the tissue fails to
express a gene throughout develop-
ment based on complete silencing
(31). In the IUGR we did not
encounter complete GLUT4 silenc-
ing in skeletal muscle but rather a
perinatal diet-induced suppression
of gene expression. This may
explain why we did not encounter
differential DNAmethylation of the
glut4 promoter in the IUGR.

In the case of other imprinted
genes such as the insulin-like
growth factor 2, differentially meth-
ylated regions have been detected
far upstream of the entire gene in
question, and long range chromatin
interactions were discovered to
modify downstream gene transcrip-
tion (59). Whether a similar situa-
tion exists in the case of IUGR glut4
expression cannot be ruled out by
our studies that focused primarily
on the gene promoter region. Fur-
thermore, whether DNA methyla-
tion may occur in promoters of key
transcription factors that regulate
glut4 expression such as MyoD/
MEF2 needs future investigation.
The MeCP2 nuclear protein that
binds methylated DNA (60) and
increased in the IUGR SM nucleus
failed to show significantly in-
creased association with the glut4
promoter in the IUGR. In the
absence of differential DNAmethy-
lation in the glut4 promoter,
increased recruitment of DNMT1/DNMT3a and DNMT3b to
the glut4 promoter suggests a role for these enzyme isoforms
beyond DNA methyltransferase activity that promotes DNA

methylation. Previous investigations have demonstrated that
DNMT1/DNMT3a can interact with other repressor proteins,
including HDAC1, SUV39H1, and HP1 isoforms, thereby par-
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ticipating in a co-repressor complex, targeted at histone de-
acetylation and methylation, suppressing gene transcription
(28). Similarly in the IUGR, DNMT3a with DNMT3b in the
adult, and perhaps DNMT1 at an earlier age, participates in a
co-repressor complex suppressing SM glut4 transcription.
This is the first study delineating molecular changes respon-

sible for skeletal muscle glut4 gene transcription in the postna-
tal and adult female IUGR offspring. Tissue-specific gene tran-
scription is reliant on specific nuclear trans-activator directed
gene activation. In the case of skeletal muscle, both MyoD and
MEF2A are trans-activators of the glut4 gene conferring tissue
specificity and hormonal/metabolic regulation (19–21, 43).
The MEF2 family of transcription factors consists of four iso-
forms, A to D. Except for MEF2B, the remaining isoforms are
highly expressed inmature skeletalmuscle (61). Previous inves-
tigations have established that MEF2A activation is regu-

lated by heterodimer formation
with other MEF2 isoforms influ-
enced by p38-dependent phos-
phorylation and sumoylation (62,
63). MEF2D in particular forms a
heterodimer withMEF2A, thereby
inhibiting MEF2A-directed tran-
scription of downstream genes,
including glut4 (46). MEF2C can
also form heterodimers with
MEF2A, although this isoform may
activate or inhibit gene transcrip-
tion under differing circumstances
(16, 43, 64). This study demon-
strates a key role for enhanced skel-
etal muscle MEF2D DNA binding
and diminishedMEF2A DNA bind-
ing in inhibiting glut4 transcription
in the IUGR offspring.
Association of MEF2D with class

II HDACs (HDAC4) can promote
sumoylation and perhaps phospho-
rylation of MEF2D (63) thereby
potentiating transcriptional repres-

sion. The class II HDACs possess two distinct domains, the
C-terminal domain with catalytic activity in vivo and theN-ter-
minal domain that exerts co-repressor activity via de-acetylase
enzyme activity. Furthermore, MEF2 proteins are known to
interact with class II (HDAC4, -5, -7, and -9) HDACs that are
expressed in a tissue-specific manner and are implicated in
skeletal muscle differentiation (45, 65). Similar interaction with
ubiquitously expressed relatively compact proteins of class I
(HDAC1, -2, and -3)HDACs can occur simultaneously, thereby
modifying downstream gene transcription (44). Thus, associa-
tion of these two HDACs, i.e. 4 (class II) and 1 (class I) with
MEF2D, can promote its repressor effect on glut4 gene tran-
scription. Despite interacting with the MEF2 DNA binding
domains, HDAC repressors do not inhibit MEF2A DNA
binding nor directly bind DNA themselves. Rather HDACs
inhibit transcription by de-acetylating lysine side chains on

FIGURE 6. Adult studies, dimethylated histone 3 lysine residues associated with the glut4 gene. A, representative 2% agarose gels demonstrate the input
chromatin PCR-amplified glut4 and GAPDH control without an antibody (left panel), in the presence of nonspecific (�) and anti-polymerase II (�) IgGs (2nd
panel), and ChIP assay demonstrating the PCR amplification product of the 384-bp glut4 DNA or 230-bp GAPDH DNA from CON (C) and IUGR (I) skeletal muscle
chromatin in the presence of either anti-dimethyl H3.K9 IgG (3rd panel) or anti-dimethyl H3.K4 IgG (right panel). B, quantification of the PCR glut4 amplification
product in the dimethyl H3.K9 chromatin IP as a ratio to the GAPDH DNA product corrected for the input control and expressed as a percent of CON. Inter-group
difference was established by the Student’s t test (*). C, quantification of the PCR glut4 amplification product in the dimethyl H3.K4 chromatin IP as a ratio to the
GAPDH DNA product corrected for the input control and expressed as a percent of CON. Inter-group difference was established by the Student’s t test, NS �
not significant. Histone 3, lysine 9 methylase associated with the glut4 gene. D, top panel, representative Western blot demonstrating total nuclear Suv39H1
(H3.K9 dimethylase) protein concentrations in CON and IUGR skeletal muscle with the nuclear marker Lamin A protein serving as an internal loading control.
Bottom panel, quantification of Suv39H1 protein concentrations as a ratio to Lamin A protein is depicted as a percent of CON. Inter-group difference was
assessed by Student’s t test (*). E, top panel, representative 2% agarose gels demonstrate the input chromatin PCR-amplified glut4 and GAPDH control without
an antibody (left panel), in the presence of nonspecific (�) and anti-polymerase II (�) IgGs (middle panel), and ChIP assay demonstrating the PCR amplification
product of the 384-bp glut4 DNA or 230-bp GAPDH DNA (internal control) from CON (C) and IUGR (I) skeletal muscle chromatin in the presence of anti-Suv39H1
methylase IgG. Bottom panel, quantification of the PCR glut4 amplification product in the Suv39H1 methylase chromatin IP as a ratio to the GAPDH DNA
product corrected for the input control and expressed as a percent of CON. Inter-group difference was established by the Student’s t test (*). Heterochromatin
protein 1� (HP1�) association with the glut4 gene. F, top panel, representative Western blot demonstrating total nuclear HP1� concentrations in CON and IUGR
skeletal muscle with the nuclear marker Lamin A protein serving as an internal loading control. Bottom panel, quantification of HP1� concentrations as a ratio
to Lamin A protein is depicted as a percent of CON. Inter-group difference was assessed by Student’s t test (*). G, top panel, representative 2% agarose gels
demonstrate the input chromatin PCR-amplified glut4 and GAPDH control without an antibody (left panel), in the presence of nonspecific (�) and anti-poly-
merase II (�) IgGs (middle panel), and ChIP assay demonstrating the PCR amplification product of the 384-bp glut4 DNA or 230-bp GAPDH DNA (internal
control) from CON (C) and IUGR (I) skeletal muscle chromatin in the presence of anti-HP1� IgG. Bottom panel, quantification of the PCR glut4 amplification
product in the HP1� chromatin IP as a ratio to the GAPDH DNA product corrected for the input control and expressed as a percent of CON. Inter-group
difference was established by the Student’s t test (*).

FIGURE 7. Postnatal studies, DNMT1, MyoD, and MEF2 binding to the glut4 gene. A–C, top panel, repre-
sentative 2% agarose gels demonstrate the input chromatin PCR-amplified glut4 (G4) and GAPDH (GP) control
without an antibody (left panel), in the presence of nonspecific (�) and anti-polymerase II (�) IgGs (middle
panel), and ChIP assay demonstrating the PCR amplification product of the 384-bp glut4 DNA or 230-bp GAPDH
DNA from 2-day CON (C) and IUGR (I) skeletal muscle chromatin in the presence of either anti-DNMT1 (A),
anti-MyoD (B), or anti-total MEF2 (C) IgG. Bottom panels, quantification of the PCR glut4 amplification product
in either DNMT1 (A), MyoD (B), or total MEF2 (C) chromatin IP as a ratio to the GAPDH DNA product corrected for
the input control and expressed as a percent of CON. Inter-group difference was established by the Student’s
t test (*).

Histone Code and glut4 Expression

MAY 16, 2008 • VOLUME 283 • NUMBER 20 JOURNAL OF BIOLOGICAL CHEMISTRY 13623



chromatin-forming histones (66). In the de-acetylated state,
positively charged histone tails interact with negatively
charged DNA phosphate backbone. This close electrostatic
interaction physically restricts the access of transcriptional
activators to DNA, thereby inhibiting transcription (67). MEF2
isoforms and HDAC when physically associated inhibit MEF2-
mediated downstream gene transcription (45). Thus in the case

of IUGR, whereas total MEF2 bind-
ing increased,MEF2ADNAbinding
diminished. The decreased interac-
tion between MEF2A and MyoD
with diminished binding of MyoD
to glut4 DNA sets the stage for
repressed gene transcription in the
IUGR.
HDAC1/4-MEF2D-directed re-

pression explains findings of adult
tissue-specific diminished glut4
gene transcription. The persistence
of changes in gene transcription
because of cellular memory in
response to perinatal nutritional
perturbations (4, 25) remains unex-
plained. In the case of skeletal mus-
cle glut4 as with many other genes,
what is encountered with perinatal
nutrient restriction is not complete
silencing but rather a diminution in
gene expression (metabolic knock-
down). This imprint of reduced
glut4 gene expression is mediated
by the recruitment of DNMT1/
DNMT3a and DNMT3b enzymes
into a co-repressor complex, which
attracts histone de-acetylases (HDAC1
and HDAC4) and histone methy-
lases (HMT; e.g. SUV39H1) re-
sulting in histone modifications.
Histone modifications consisting

of de-acetylation of H3.K14 with a hierarchical progression
into di-methylation of H3.K9 contributes to heterochromatin
formation. This further recruits repressor proteins such as the
chromodomain containing HP1� (68) andMEF2D into the co-
repressor complex that associates with the glut4 promoter. In
addition, heterochromatin precludes the glut4 promoter DNA
binding of activators (MyoD andMEF2A). This collectively sets
the stage for glut4 gene repression in the IUGR (Fig. 9). Despite
low SM GLUT4 expression in the immediate postnatal period
(4), key changes in nuclear protein-glut4 DNA interaction and
critical histonemodifications were already existent at birth and
merely persisted in the adult female IUGR offspring.
Thus, similar to DNA methylation, histone methylation

lends a certain amount of stability to the chromatin structure
that can be inherited as an imprint mediating cellular memory.
In the IUGR female offspring, differential di-methylation of
H3.K9may contribute toward the epigenetic transgenerational
transmission of the insulin-resistant phenotype (25). Although
we focused on SUV39H1 methylase, other histone methylases
(SUV39H2, ESET/SETDB1, EuHMTase/GLP, CLL8, andRIZ1)
can also methylate H3.K9 in the mammalian system (26, 30).
More recently demethylases (JHDM2a, JHDM2b, JMJD2B, and
JMJD2D) have also been shown to further modify the histone
methylation imprint at H3.K9 (30). Histone modifications can
either disrupt chromatin contacts or enhance the recruitment
of non-histone proteins to chromatin. The presence of these

FIGURE 8. Postnatal studies, histone modifications, de-acetylation and di-methylation. A–G, top panels,
representative 2% agarose gels demonstrate the input chromatin PCR-amplified glut4 (G4) and GAPDH (GP)
control without an antibody (not shown), in the presence of nonspecific (�) and anti-polymerase II (�) IgGs
(left panels) and ChIP assay (right panels) demonstrating the PCR amplification product of the 384-bp glut4 DNA
or 230-bp GAPDH DNA (internal control) from 2-day CON (C) and IUGR (I) skeletal muscle chromatin in the
presence of either anti-acetyl H3 (A), anti-acetyl H3.K14 (B), anti-HDAC1 (C), anti-HDAC4 (D), anti-H3-dimethyl
(DiMe) K9 (E), anti-SUV39H1 methylase (F), or anti-HP1� IgG (G). Bottom panels, quantification of the PCR glut4
amplification product in the acetyl H3 (A), acetyl H3.K14 (B), HDAC1 (C) HDAC4 (D), H3-dimethyl K9 (E), SUV39H1
methylase (F), or HP1� (G) chromatin IP as a ratio to the GAPDH DNA product corrected for the input control
and expressed as a percent of CON. Inter-group difference was established by the Student’s t test (*).

FIGURE 9. Schematic representation of the projected combinatorial pro-
gression of epigenetic changes leading to a decrease in SM glut4 tran-
scription and expression in the female adult IUGR offspring. Rpr � repres-
sor, Act � activator.
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proteins on histones can dictate higher order chromatin struc-
ture in which DNA is packaged within the nucleus, and it can
orchestrate the ordered recruitment of enzyme complexes to
manipulate DNA. Thus histone modifications have the poten-
tial to influence many fundamental biological processes, some
of which can be epigenetically inherited.
In summary, we have demonstrated a role for de-acetylation

and di-methylation of specific amino acid residues in the N-tail
of histone 3. These histone modifications lend toward co-re-
pressor complex formation, while interfering with formation of
a co-activator complex. These epigenetic changes collectively
decrease glut4 transcription at birth, persisting in the adult.
This diminution in glut4 gene transcription is associated with
the sex-specific decrease in skeletal muscle GLUT4mRNA and
protein concentrations (4, 14). Perturbations inGLUT4 expres-
sion along with previously described alterations in post-trans-
lational translocation of the GLUT4 protein (15) may be adapt-
ive in response to diminished pancreatic �-islet insulin
production. These molecular mechanisms contribute toward
the development of gestational diabetes and type 2 diabetes
mellitus in the IUGR adult female offspring.
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