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The differentiation, maintenance, and repair of skeletal
muscle is controlled by interactions between genetically de-
termined transcriptional programs regulated by myogenic
transcription factors and environmental cues activated by
growth factors and hormones. Signaling through the insu-
lin-like growth factor 1 (IGF1) receptor by locally produced
IGF2 defines one such pathway that is critical for normal
muscle growth and for regeneration after injury. IGF2 gene
and protein expression are induced as early events in mus-
cle differentiation, but the responsible molecular mecha-
nisms are unknown. Here we characterize a distal DNA ele-
ment within the imprinted mouse Igf2-H19 locus with
properties of a muscle transcriptional enhancer. We find
that this region undergoes a transition to open chromatin
during differentiation, whereas adjacent chromatin remains
closed, and that it interacts in differentiating muscle nuclei
but not in mesenchymal precursor cells with the Igf2 gene
found more than 100 kb away, suggesting that chromatin
looping or sliding to bring the enhancer in proximity to Igf2
promoters is also an early event in muscle differentiation.
Because this element directly stimulates the transcriptional
activity of an Igf2 promoter-reporter gene in differentiating
myoblasts, our results indicate that we have identified a
bona fide distal transcriptional enhancer that supports Igf2
gene activation in skeletal muscle cells. Because this DNA
element is conserved in the human IGF2-H19 locus, our re-
sults further suggest that its muscle enhancer function also
is conserved among different mammalian species.

The differentiation, maintenance, regeneration, and repair
of skeletal muscle requires ongoing interactions between sig-
naling pathways activated by hormones and growth factors
and an intrinsic regulatory program controlled by myogenic
transcription factors (1-4). Among growth factors with major
actions on muscle are the insulin-like growth factors IGF1
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and IGF2 (5, 6),> two closely related single-chain secreted pro-
teins that bind with high affinity to the IGF1 receptor (7),
leading to activation of several intracellular signal transduc-
tion pathways that act downstream of this membrane-span-
ning protein-tyrosine kinase (7). Much experimental evidence
supports the importance of IGF actions in muscle. In mice,
targeted IGF1 receptor deficiency caused marked muscle
hypoplasia and neonatal death secondary to respiratory fail-
ure from severe muscle weakness (8). In contrast, targeted
overexpression of IGF1 stimulated an increase in muscle mass
throughout life (9), enhanced anabolic responses to exercise
(10), and slowed the development of experimental muscular
dystrophy (11). Moreover, analysis of quantitative trait loci for
muscle in the pig identified a single-nucleotide polymorphism
in an IGF2 intron that influenced IGF2 gene expression, with
one variant being associated with a 3-fold greater abundance
of IGF2 mRNA in muscle and a 3—4% increase in total muscle
mass (12).

The IGF2 gene resides on human chromosome 11p15.5 and
on a syntenic segment of mouse chromosome 7 and is part of
an imprinted cluster with the adjacent upstream insulin gene
(Ins2 in mice (13)) and downstream H19 (13). In mice, the
Igf2 gene is composed of six exons (14), and gene expression is
regulated by three adjacent promoters, termed P1-P3, each
with its own unique leader exon, whereas exons 4 — 6 encode
the IGF2 precursor protein (14). The human IGF2 gene is more
complicated, because it has an additional upstream promoter
(15). In both species, IGF2 is transcribed from the paternally de-
rived chromosome in most tissues, and H19 is expressed from
the maternal chromosome by regulation through an imprinting
control region (ICR) located between the two genes (13, 16). The
ICR contains binding sites for the nuclear factor, CCTC binding
factor (CTCF) (16, 17), which when bound to DNA in chromatin
on the maternally derived chromosome facilitates H19 transcrip-
tion by directing distal enhancers to the H19 promoter (16, 17).
On the paternal chromosome, DNA in the ICR is methylated,
and CTCF cannot bind, and the enhancers have access to the
IGF2 promoters (16, 17).

IGF2 gene transcription, mRNA production, and protein
biosynthesis are induced as early events during muscle differ-
entiation in culture (18, 19), and the secreted IGF2 functions
as an autocrine differentiation-promoting factor (20, 21), as
evidenced by impaired differentiation when IGF2 synthesis or

3 The abbreviations used are: IGF, insulin-like growth factor; ICR, imprinting
control region; Ad-MyoD, recombinant adenovirus for MyoD; Ad-B-Gal,
recombinant adenovirus for B-galactosidase; DM, differentiation
medium.
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access to the IGF1 receptor is blocked (19, 21) and by acceler-
ated and enhanced differentiation when IGF2 is overex-
pressed (20, 22). The molecular mechanisms responsible for
IGF2 gene activation during muscle differentiation are un-
known, although the single nucleotide porcine IGF2 polymor-
phism associated with increased muscle mass appears to pre-
vent binding of a putative transcriptional repressor to the
IGF2 gene (12, 23, 24). Here we characterize a conserved dis-
tal enhancer that interacts with the mouse Igf2 gene in differ-
entiating myoblasts but not in mesenchymal progenitors and
that can promote Igf2 gene transcription in muscle.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—DMEM, Superscript I first
strand synthesis kit, TRIzol reagent, trypsin/EDTA solution,
and horse serum were from Invitrogen, and FBS and newborn
calf serum were from Hyclone (Logan, UT). Restriction en-
zymes, buffers, ligases, and polymerases were from New Eng-
land Biolabs (Beverly, MA), BD Biosciences (Clontech), and
Fermentas (Hanover, MD). Protease inhibitor tablets were
purchased from Roche Applied Sciences; okadaic acid was
from Alexis Biochemicals (San Diego, CA), sodium or-
thovanadate was from Sigma, and proteinase K was from
Roche Applied Sciences. TransIT-LT-1 was from Mirus Corp.
(Madison, WTI), and Hoechst 33258 nuclear dye was from
Polysciences (Warrington, PA). The BCA protein assay kit
was from Pierce, Immobilon-FL was from Millipore Corpora-
tion (Billerico, MA), and AquaBlock tm/EIA/WIB solution
was from East Coast Biologicals (North Berwick, ME). DNA
purification kits were from Qiagen, and luciferase assay re-
agents were from Promega (Madison, WI). The following an-
tibodies were from the Developmental Studies Hybridoma
Bank: F5D (anti-myogenin, from W. E. Wright) and CT3 (an-
ti-troponin T, from J. J-C. Lin). The polyclonal antibody to
Akt was from Cell Signaling Technology (Beverly, MA). Alex-
aFluor 680-conjugated goat anti-mouse IgG was from Invitro-
gen, and IR800-conjugated goat anti-rabbit IgG was from
Rockland (Gilbertsville, PA). All other chemicals were reagent
grade and were purchased from commercial suppliers.

Cell Culture—The cells were incubated at 37 °C in humidi-
fied air with 5% CO,. C2 myoblasts (passages 4 —10) were
grown on gelatin-coated tissue culture dishes in DMEM with
10% heat-inactivated FBS and 10% newborn calf serum. At
confluent density, the cells were washed, and low serum dif-
ferentiation medium was added (differentiation medium
(DM) was DMEM with 2% horse serum). C3H 10T1/2 mouse
embryonic fibroblasts (catalogue number CCL226; ATCC,
Manassas, VA) were incubated on gelatin-coated tissue cul-
ture dishes in growth medium (DMEM with 10% heat-inacti-
vated FBS) at 37 °C in humidified air with 5% CO,. They were
converted to myoblasts by infection at ~50% of confluent
density with a recombinant adenovirus for mouse MyoD (Ad-
MyoD), as described (25), followed by incubation in DM after
reaching confluent density as above.

Animal Studies—Male and female C57Bl6 mice were
housed at the Oregon Health & Science University Animal
Care Facility on a 12-h light/dark schedule with free access to
food and water and received care according to institutional
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and National Institutes of Health guidelines. Pregnant mice
were euthanized by exposure to CO,; the pups were isolated
by Caesarean section and euthanized after exposure to CO.,.
Three-month-old male mice were euthanized by cervical dis-
location. Freshly isolated tissues were flash-frozen in liquid
nitrogen and pulverized prior to RNA extraction. The Oregon
Health & Science University Animal Care and Use Committee
approved all animal studies.

Gene Transfer with Recombinant Adenoviruses—Recombi-
nant adenoviruses for MyoD (Ad-MyoD) and B-galactosidase
(Ad-B-Gal) were purified on discontinuous cesium chloride
gradients and titered by optical density, as described (25).
Prior to infection, the viruses were diluted in DMEM plus 2%
fetal calf serum, filtered through a Gelman syringe filter (0.45
uM), and then were added to cells at 37 °C for 120 min. After
the addition of an equal volume of DMEM with 20% fetal bo-
vine serum, the cells were incubated for a further 24 h. The
cells then were washed twice with phosphate-buffered saline
and incubated in DM.

Analysis of Igf2 Gene Expression—Whole cell and nuclear
RNA were isolated as described (21). RNA concentrations
were determined spectrophotometrically at 260 nm and qual-
ity assessed by agarose gel electrophoresis. RNA (2.5 ug) was
reverse transcribed in a final volume of 20 ul, with either oli-
go(dT) primers (for total RNA) or random hexamers (for nu-
clear RNA), and PCR was performed with 0.1 ul of cDNA and
the primer pairs in Table 1. The linear range of product am-
plification was established in pilot studies for each primer
pair, and the cycle number that reflected the approximate
midpoint was used in final experiments. This varied from 20
to 27 cycles for total RNA and from 25 to 30 cycles for nuclear
RNA. The results were visualized after electrophoresis
through 1.0% agarose gels.

Construction of 1gf2 Promoter-Reporter Plasmids—Mouse
myogenin and mouse [gf2 promoter-luciferase plasmids have
been described (18). For these experiments, Igf2 P3 was in-
serted in plasmid pGL3 (Promega). DNA fragments pictured
in Fig. 2 were isolated from mouse genomic DNA after PCR
by standard methods, except for 4.3-kb element D, which was
obtained from Dr. Jie Chen (University of Illinois, Urbana, IL).
Region 1, CS6, and CS9 were cloned via 5’ Sall and 3" Xbal
linkers into the corresponding sites in the Igf2 P3 pGL3 plas-
mid (see supplemental Table S1 for details). All of the sub-
fragments were generated by restriction enzyme digestion or
PCR and were purified after preparative agarose gel electro-
phoresis by ion exchange chromatography (Qiaex II gel ex-
traction kit; Qiagen) and subcloned into Igf2 promoter-lucif-
erase plasmids. All of the DNA manipulations were confirmed
by sequencing at the Oregon Health & Science University
DNA Services Core.

Transient Transfections and Luciferase Reporter Gene
Assays—C2 and C3H 10T1/2 cells were plated onto gelatin-
coated 12-well plates and were transfected at 50 or 25% of
confluent density, respectively, with individual Igf2 promoter-
luciferase reporter plasmids or with mouse myogenin pro-
moter-luciferase (0.4 ug of plasmid DNA/well for C2 cells and
0.2 ug for 10T1/2 cells). C2 cell extracts were harvested 1 day
later (undifferentiated), or DM was added, and cellular pro-
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TABLE 1
Primers used for RT-PCR
Gene Location Primer sequence Product
bp
Nuclear RNA
Igf2 Exon 3 5'-GCAAACTGGACATTAGCTTCT-3’ 597
Intron 3—4 5'-CCCTTGGGTAACTAAAATCATCTT-3'
Myogenin Intron 2-3 5'-GGGATCACTCAGTCAGTGTTGTAA-3' 537
Exon 3 5' - TCTCTGCTTTAAGGAGTCAGCTAAA-3'
S17 Exon 2 5'-ATCCCCAGCAAGAAGCTTCGGAACA-3’ 439
Intron 2-3 5'-GAACCGACTTTGTCTCTACATCAAG-3'
Total RNA
Igf2 Exon 1 5'-CAGCAGCTCCCACTTCATCCG-3' 400
Exon5 5'-TGGCACGGCTTGAAGGCCTGC-3
Igf2 Exon 2 5'-CGGCCTCTGCGACTCGGGCAG-3' 485
Exon 5 5'-TGGCACGGCTTGAAGGCCTGC-3
Igf2 Exon 3 5'-CCTGTGAGAACCTTCCAGCCT-3' 396
Exon 5 5’ -TGGCACGGCTTGAAGGCCTGC-3
Myogenin Exon 1 5’'-GGGGACCCCTGAGCATTGTCC-3’ 512
Exon 3 5'-CAGCCTGACAGACAATCTCAGTT-3'
teins were isolated after an additional 48 h (differentiated). TABLE 2
For 10T1/2 cells, 1 day after transfection the cells were in- Primers for restriction accessibility assay
fected with Ad-MyoD or adenoviruses for 3-galactosidase, DNA DNA .
o . k fragment  strand Primer sequence Product
and after an additional day in growth medium, the extracts )
. . »
were harvested (undifferentiated), or DM was added, and the Fragment1 Top 5 CTTCCAGACTCATCAAGAATA-3/ 299
cells were incubated for an additional 24 h before protein iso- Bottom 5'-GAACAACTGTGGGGACCAAAG-3’

. . . c g . Fragment2 Top 5'-ATTGCAGGCAGTGGGTGGA-3' 300
lation (differentiated). Cell extracts frlom an individual experi Bottom o/ - ATAGAAMNIGCCTCTTAAGAGT—3"
ment were stored at —80 °C until luciferase assay, and the Fragment3 Top 5'-GGCTTCCCGCCATCTCGA-3' 285

: . . Bottom  5'-TGGGGTTAGGAGCAGCTGT-3'
results were normalized Fo cellular protein concentrations Fragment4  Top o AAGOAGGATITAGOTCGOGAG-3" 399
(21). At least three experiments were performed for each pro- Bottom 5'-CTGGGGTCCGGCTCACAT-3'
moter-reporter plasmid using duplicate transfections per Fragment 5  Top 5'-ATGTGACCCGGACCCCAGGCC-3" 291
Bottom  5'-GACAGGCCTTGTGTTCTTGCA-3

experiment.

Protein Extraction and Immunoblotting—Whole cell pro-
tein lysates were prepared as described (19) and stored in ali-
quots at —80 °C until use. Protein concentrations were deter-
mined with the BCA protein assay kit, and aliquots (25 g/
lane) were separated by SDS-PAGE, transferred to
Immobilon-FL, blocked in AquaBlock, and incubated with
primary and secondary antibodies, as described (21). The
membranes were washed according to a protocol from LiCoR
and scanned on an Odyssey Infrared Imaging System using
v3.0 analysis software (LiCoR Biosciences, Lincoln, NE). Pri-
mary antibodies were used at the following dilutions: anti-
myogenin (1:100), anti-troponin T (1:1000), and anti-Akt
(1:2000).

Immunocytochemistry—The cells were fixed, permeabi-
lized, blocked, and incubated with antibodies as described
(21). The primary antibodies were added in blocking buffer
for 16 h at 4 °C (anti-troponin T, 1:1000 dilution; anti-myoge-
nin, 1:50; and secondary antibodies at 1:1000). The images
were captured with a Roper Scientific Cool Snap FX CCD
camera attached to a Nikon Eclipse T300 fluorescent micro-
scope using IP Labs 3.5 software. Hoechst staining was per-
formed as described (21).

Analysis of Chromatin Structure by Restriction Endonucle-
ase Accessibility—Isolated nuclei from 1 X 107 cells were in-
cubated overnight at 37 °C in 100 ul of Alul buffer (New Eng-
land Biolabs; 50 mm NaCl, 10 mm Tris-Cl, 10 mm MgCl,, 1
mwm DTT, pH 7.9) with 1 unit/ul of Alul. The nuclei incu-
bated in the same buffer without Alul served as a negative
control. Following the addition of 100 ul of 2X proteinase K
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digestion buffer (100 mm TrisCl, 200 mm NaCl, 2 mm
Na,EDTA, 1% SDS, pH 7.5) for 2 h at 55 °C, 100 ul of Alul
buffer plus 100 ul of 2X proteinase K buffer containing 100
ug of proteinase K were added and incubated overnight at

37 °C. DNA was isolated by extraction with a phenol-chloro-
form-isoamyl alcohol solution and ethanol precipitation and
dissolved in 500 wl of 10 mm TrisCl, 1 mm Na,EDTA, pH 7.9.
PCR was performed using 25-50 ng of this DNA per reaction
(see Table 2 for primers). The linear range of product amplifi-
cation was established for each primer pair in pilot studies,
and the cycle number that reflected the approximate mid-
point was used in the final experiments. This varied from 30
to 35 cycles. The results were visualized after electrophoresis
through 1.0% agarose gels.

Chromatin Conformation and Capture Assays— These
studies followed published protocols (26 —28). The nuclei
from 1 X 107 cells were fixed by the addition of 0.5 ml of lysis
buffer (10 mm Hepes, 1.5 mm MgCl,, 10 mm KCl, 0.5 mm
DTT, 1% Triton X-100, pH 7.9) plus protease inhibitors and
2% formaldehyde for 2—3 min at 15 °C and quenched by the
addition of glycine to 0.125 M for 5 min on ice. Following two
washes with ice-cold lysis buffer, the fixed nuclei were resus-
pended in 0.5 ml of 1.2 X BglII restriction enzyme buffer (100
mMm NaCl, 50 mm Tris-HCl, 10 mm MgCl,, 1 mm DTT, pH
7.9) containing 0.3% SDS and incubated at 37 °C for 1 h with
shaking at 1000 rpm. Triton X-100 was added to a 1.8% final
concentration, and samples were incubated for 1 h at 37 °C
with shaking followed by the addition of 1500 units of BglII
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and incubation for 16 h at 37 °C and 1000 rpm. After the addi-
tion of SDS to 1.3% for 20 min at 65 °C, each sample was
mixed with 7 ml of 1X DNA ligation buffer, Triton X-100 was
added to 1%, and the nuclei were incubated for 1 h at 37 °C
and 400 rpm. After equilibration at 16 °C, T4 DNA ligase was
added (100 units), followed by incubation for 5 h at 16 °C with
slow agitation. After sequential incubation with proteinase K
(300 ug for 16 h at 65 °C) and RNase A (3 ul of a 100 mg/ml
solution for 30 min at 37 °C), DNA was isolated by phenol-
chloroform extraction and ethanol precipitation and dissolved
in 1 ml of 10 mM TrisCl, 1 mm Na,EDTA, pH 7.9. PCRs were
performed with 1 ul of DNA, and the primers are listed in
Table 3. The linear range of product amplification was estab-
lished for each primer pair in pilot studies using an artificial
template that was generated by overlap extension PCR (29),
and the cycle number that reflected the approximate mid-
point was used in the final experiments. This varied from 30
to 35 cycles. The results were visualized after electrophoresis
through 1.2% agarose gels.

Statistical Analysis—The data are presented as the
means * S.D. The statistical significance was determined us-
ing a paired Student’s ¢ test. The results were considered sta-
tistically significant when p < 0.05.

RESULTS

Promoter-specific Activation of Igf2 Gene Transcription dur-
ing Skeletal Muscle Differentiation—Previous studies have
found that IGF2 gene expression and protein secretion were
induced within early stages of differentiation of skeletal myo-
blasts in culture (18, 19, 21) and have shown that IGF2 ac-
tions, mediated by autocrine activation of the IGF1 receptor
and the phosphatidylinositol 3-kinase-Akt pathway, are nec-

essary to sustain muscle differentiation (19, 30). In
C3H110T1/2 mouse mesenchymal stem cells, adenoviral-
mediated expression of the myogenic transcription factor,
MyoD, can potently convert these uncommitted progenitors
to a myoblast fate (31), with rapid and robust up-regulation of
muscle genes and proteins and myotube formation occurring
once DM is added (19) (Fig. 1, A-C). Under these conditions
we find that transcription of the endogenous Igf2 gene is also
rapidly stimulated after the addition of DM, with kinetics of
activation very similar to those of the early differentiation
gene myogenin (Fig. 1D).

The Igf2 gene on mouse chromosome 7 is composed of six
exons and five introns, and its transcription is governed by
three tandem promoters, P1-P3, each of which regulate a
unique leader exon (14). In mouse fetal tissues all three pro-
moters are active (14). To examine promoter usage in
Ad-MyoD-converted muscle cells, we developed a selective
RT-PCR assay in which transcripts containing individual
leader exons are assessed. In mouse fetal liver all three pro-
moters are active, as evidenced by positive RT-PCR products
with primers derived from each leader exon coupled to a
shared coding exon primer, whereas in Ad-MyoD-converted
10T1/2 cells, only transcripts directed by P3 accumulate dur-
ing muscle differentiation (Fig. 2). In addition, in mouse gas-
trocnemius muscle, mRNAs directed by P3 were more abun-
dant than transcripts controlled by P1 or P2 (Fig. 2).

Identifying a DNA Element That Can Stimulate Igf2 Pro-
moter Activity during Skeletal Muscle Differentiation—Al-
though it has been established that IGF2 is highly expressed in
skeletal muscle in vivo (32) and that its gene expression is in-
duced during myoblast differentiation in culture (Figs. 1 and 2
and Refs. 18, 19, and 33), very little is known about the mech-
anisms of Igf2 gene regulation in muscle. No transcriptional

TABLE 3
Primers for chromatin conformation capture assay response elements have bee.n ldentlflgd, anfi no transcrl.ptlon
DNA fragment Primer sequence fa§tors have been characterlz?d. Stgdles using transgenic ‘
Enhancer 1 o AAACAGCATCCTTAGCCTATGATG-3' mice have been employed to 1nvesF1gate aspects of regulation
Enhancer 2 5'-ACCAGCCTGGCTACCACCTG-3' of the Igf2-H19 locus and have defined several chromosomal
Promoter 1 5'-TAGAGGGTTACAAGGTAGG-3’ i iy i
Promoter 2 o AOAGACOCCAAACGTCATOGT-3' segme.znts thfit could direct gene activity Fo me.s.enchyma‘l tis
Enhancer 3 5’ ATGTGACCCGGACCCCAGGCC-3' sues, including muscle (34 —37), but the identified domains
Enhancer 4 5 ~GACAGGCCTTCTGTTICTTCCA -3 have not been evaluated in any detail. We analyzed four previ-
A C3H10T1/2cells B Cc
in DM: hrs in DM:
Ad-MyoD or rs in DM 0 4 12 24 36 48 rs in 0 24 48
Ad-B-Gal myogenin b e e
troponin-T » ﬂ--
DM —

F R S —

Assess differentiation
+ gene expression

Ad-MyoD Ad-B-Gal

hrsinDM:0 4 8 16 24 0 8 24
IGF2 Y )
myogenin| . L e

S17 e - ————— 3 |

FIGURE 1. Activation of Igf2 gene transcription during muscle differentiation. Shown are the results of time course experiments with 10T1/2 mesenchy-
mal stem cells infected with Ad-MyoD or Ad-B-Gal and incubated in DM for up to 2 days. A, experimental scheme. B, induction of muscle proteins myogenin
and troponin-T and constant expression of Akt during differentiation, as assessed by immunoblotting. C, myotube formation measured by immunocyto-
chemistry for myogenin (green) and troponin-T (red), and nuclear staining by Hoechst dye (blue). D, time course of transcription for Igf2, myogenin, and S17
genes, measured by semi-quantitative RT-PCR. The locations of relevant exons and PCR primers are shown.
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ously mapped DNA elements from the mouse Igf2-H19 locus
for activity during muscle differentiation by fusing each of
them 5’ to a minimal Igf2 P3-luciferase reporter gene and
transfecting them into Ad-MyoD 10T1/2 cells. Of these four
DNA segments, three were described as having enhancer ac-

5, 3!
exon 1 'm'

Ad-MyoD Ad-3-Gal fetal

hrsinDM: 0 8 24 48 0 8 24 48 Iliver

exoni-5

exon2-5

myogenin -EF

mouse gastrochemius muscle

1-5

Igf2 exons: 2-5 3-5

FIGURE 2. Promoter 3-specific induction of Igf2 gene expression during
muscle differentiation. Top panel, schematic of the mouse Igf2 gene. The
three promoters and six exons are indicated, as are the locations of exon-
specific PCR primers. Middle panel, results of time course gene expression
experiments by RT-PCR for Igf2 and myogenin using 10T1/2 mesenchymal
stem cells infected with Ad-MyoD or Ad-$-Gal and incubated in DM for up
to 48 h. For Igf2, only transcripts containing exons 3 and 5 gave a positive
result in differentiating myoblasts, demonstrating that only /gf2 promoter 3
is activated in this muscle differentiation model. Mouse day 18 fetal liver
RNA serves as a positive control for active transcription from each Igf2 pro-
moter (14). Bottom panel, results of RT-PCR experiments measuring promot-
er-specific Igf2 transcripts using gastrocnemius muscle from 8-week-old
male mice. Transcripts directed by promoter 3 and containing exons 3 and
5 are more abundant than mRNAs derived from promoters 1 or 2.

tivity in mesenchymal tissues in transgenic mice (CS6, CS9, D
(35-37)), and one had been identified as a putative repressor
(Region 1 (34)) (Fig. 3A). Region D, a ~4.3-kb DNA fragment
located ~22-27 kb 3’ to mouse H19, also was found to stimu-
late promoter activity in cultured muscle cells (33). When
assessed in transient reporter gene assays in Ad-MyoD-con-
verted 10T1/2 cells, Igf2 P3 alone was ineffective, and the ad-
dition of either Region 1 or CS6 did not stimulate its tran-
scriptional activity (Fig. 3B). In contrast, CS9 and region D
each dramatically enhanced the activity of Igf2 P3 in myo-
blasts, particularly after induction of differentiation, and dis-
section of the D region revealed that a fragment of only 756
bp, D3, located at its 3’ end, was just as active as the entire
4.3-kb segment (Fig. 3B). By contrast, none of the DNA frag-
ments tested were able to stimulate Igf2 P3 in 10T1/2 mesen-
chymal stem cells (Fig. 3C).

Because DNA sequence analysis revealed that 756-bp D3
overlapped 486-nucleotide CS9 by 294 bp, we next devised a
series of experiments to functionally map the putative muscle
enhancer (Fig. 4A4). As pictured in Fig. 4B, the 294-bp overlap-
ping DNA segment (fragment D-C) was as potent as D3 or
CS9 in differentiating Ad-MyoD converted 10T1/2 cells and
also stimulated Igf2 P3 activity in differentiating C2 myoblasts
(Fig. 4C). Also, the D-C fragment did not enhance the activity
of Igf2 P1 or P2 (Fig. 4D), suggesting selectivity for P3, the Igf2
promoter that becomes activated during muscle differentia-
tion in culture (Fig. 2). Taken together, the results in Figs. 3
and 4 provide initial support for the hypothesis that this DNA
element located 3’ to H19 is a distal muscle enhancer for
mouse [gf2.

Chromatin Changes Accompany Muscle Differentiation at
the Distal Igf2-H19 DNA Element—Previous studies have
found that chromatin at muscle promoters undergoes dra-

A | ~124 kb |

i Rengn 1 i %G csg

v )
Igf2 % \
D
_ D2
D1
——D3
— CS9
f 4.3 kb f

B C
a'1000 R
S Ad-MyoD - 10T1/2 cells 3 ’ 10T1/2 cells
'g *% ‘g 4
8 24 o 3
2 8
S S
2 10 32
I 8
e T € o

Reg1 CS6  CS9 D2 D1 D3 - "Regl CS6 CS9 D2 D1 D3

Igf2 Promoter3 ——— ——  Igf2 Promoter 3

FIGURE 3. Identification of DNA elements that mediate muscle-specific induction of Igf2 gene transcription. A, schematic of Igf2-H19 locus on mouse
chromosome 7. Region 1, CS6, CS9, and D sites are indicated, as is dissection of the D segment into D1-D3. B, results of luciferase reporter gene experi-
ments with Ad-MyoD-infected 10T1/2 cells incubated in DM for 0 or 24 h, using mouse Igf2 promoter 3 = Region 1 (RegT), CS6, CS9, or D DNA segments
(means = S.D., n = 5-8 experiments; *, p < 0.001; **, p < 0.0002 versus IGF2 promoter 3). Note the log scale on the ordinate. C, results of luciferase reporter
gene experiments with 10T1/2 cells, using the same recombinant plasmids as in B. Note the linear scale on the ordinate.
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FIGURE 4. Functional dissection of the putative /gf2 muscle enhancer.
A, diagram of D3 and CS9 regions (see Fig. 3A for genomic context). B, re-
sults of luciferase reporter gene experiments with Ad-MyoD-infected
10T1/2 cells incubated in DM for 0 or 24 h, using mouse Igf2 promoter 3
(P3) = D3, AD, D-C, AC, CS9, or the mouse myogenin promoter (mean *
S.D., n = 5 experiments; ¥, p < 0.01; **, p < 0.001 versus Igf2 P3). C, results of
luciferase reporter gene experiments with C2 myoblasts incubated in DM
for 0 or 48 h, using mouse Igf2 P3, Igf2 P3 + D-C, or the mouse myogenin
promoter (mean = S.D., n = 5 experiments; *, p < 0.01; **, p < 0.005 versus
IGF2 P3). D, results of luciferase reporter gene experiments with Ad-MyoD-
infected 10T1/2 cells incubated in DM for 0 or 24 h, using mouse Igf2 P1, P2,
or P3 = D-C, or the mouse myogenin promoter (mean = S.D., n = 3 experi-
ments; *, p < 0.01; **, p < 0.005 versus Igf2 P3). Note the log scales on the
ordinates for Band C.

matic changes triggered by transcription factor binding dur-
ing differentiation, including histone modifications and re-
cruitment of transcriptional co-factors (21, 38 —41). We asked
whether the distal Igf2-H19 DNA element was similarly plas-
tic and used a restriction endonuclease accessibility assay
to examine its chromatin environment. Nuclei, from mes-
enchymal precursor cells and from myoblasts before and
after onset of differentiation, were incubated with Alul,
and the isolated DNA was analyzed by PCR. As pictured in
Fig. 5, DNA in chromatin from 10T1/2 cells is relatively
impermeable to digestion by Alul throughout the D3-CS9
region, whereas in undifferentiated C2 myoblasts, limited
cleavage is observed, which increases dramatically after

24 h in DM. Of particular note is the focused region of ac-
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FIGURE 5. Mapping chromatin changes during muscle differentiation in
the putative Igf2 muscle enhancer. Top panel, schematic of the D3 and
CS9 region 3’ to H19 showing location of Alul sites (gray vertical lines) and
PCR primers (horizontal arrows) defining fragments (Fr) 1-5. Bottom panel,
results of restriction endonuclease accessibility assays in 10T1/2 cells, and in
C2 myoblasts before (T0) and 24 h after onset of differentiation (724). Mouse
genomic DNA serves as a positive control for PCR. The results shown are
representative of three independent experiments.

cessibility to Alul, which consists of the 294 bp shared be-
tween D3 and CS9 and the remaining 192 bp of CS9 and
does not extend further in either the 5’ or 3" directions
(Fig. 5). These results show that onset of muscle differenti-
ation is accompanied by discrete chromatin changes cen-
tered on the D3-CS9 element 3’ to HI9.

Identifying Long Range Interactions between the Distal
Chromosomal DNA Element and Igf2 during Muscle
Differentiation—For a putative enhancer to regulate gene
transcription at a distant promoter, their physical association
must occur. We used a chromosomal conformation and cap-
ture assay to determine whether the distal DNA element 3’ to
H19 interacted with the Igf2 gene during muscle differentia-
tion, as outlined in the hypothetical diagram pictured in Fig.
6A. Chromosomal DNA, obtained from cross-linked and
Bglll-digested nuclei isolated from mesenchymal precursor
cells and from myoblasts, was ligated and assessed by PCR
using the primers depicted in Fig. 6B. The results show that
there is an inducible physical interaction between the D3-CS9
region and Igf2 that only occurs after onset of muscle differ-
entiation in both C2 myoblasts and Ad-MyoD-infected
10T1/2 cells (Fig. 6, C and D). Because the locations of the
two BgllI sites in the IGF2 gene were not near P3, we could
not map the association between the distal enhancer and the
active promoter to any greater precision than several kilo-
bases. Nevertheless, these observations demonstrate that
there is a dynamic rearrangement of the Igf2-H19 locus coin-
cident with onset of muscle differentiation that results in the
transfer of information from a site over 100 kb away to acti-
vate Igf2 gene transcription from promoter 3.
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FIGURE 6. The distal enhancer physically interacts with Igf2 promoter
3 during muscle differentiation. A, schematic of /Igf2-H19 locus show-
ing putative chromosomal looping during muscle differentiation and
potential inducible association of the D-C enhancer region with Igf2 pro-
moter 3. B, higher resolution view of mouse /gf2 exons 2-5 (left panel),
and the putative distal enhancer (D3-CS9, right panel), showing locations of
Bglll sites and PCR primers used in the chromatin conformation and capture
assays. C, results of chromatin conformation capture experiments using
10T1/2 mesenchymal stem cells (10T) or C2 myoblasts incubated in DM for
0 or 24 h. D, results of chromatin conformation and capture experiments
using Ad-MyoD-infected 10T1/2 cells incubated in DM for 0 or 24 h. For C
and D, the results are presented = incubation of chromatin with DNA li-
gase. Also, PCR primer pairs for each group of experiments are indicated to
the left of each panel, and in C the orientation of association between the
enhancer and promoter being tested in each panel is diagrammed to the
right. gen DNA, mouse genomic DNA (negative control); + Con, positive
control for each primer pair, generated by overlap extension PCR (29).
Primer pairs e3-e4 serve as positive controls for DNA quality and quantity.
The results depicted are representative of three independent experiments
for both Cand D.

Mapping Studies Identify Multiple Functional Elements in
the Distal Igf2 Muscle Enhancer—We performed additional
promoter-reporter gene experiments to define the compo-
nents of the 294-bp distal enhancer that were required to
stimulate Igf2 gene transcription during muscle differentia-
tion. Results with a series of 5’ deleted DNA fragments re-
vealed that the initial 50 bp was dispensable for function (A1)
but that removal of an additional 40 bp led to a ~20-fold de-
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FIGURE 7. Functional dissection of the putative /gf2 muscle enhancer.
A, diagram of the 294-base pair region of overlap between the D3 and
CS9 segments. The locations of putative E-boxes are indicated by gray
circles, and the DNA sequences are listed below. The serial deletions and
mutations used in promoter-reporter experiments are diagramed below.
B and C, results of luciferase reporter gene experiments using Ad-MyoD-
infected 10T1/2 cells incubated in DM for 0 or 24 h. B, results with deletions
A1-A4 (mean = S.D., n = 5 experiments; *, p < 0.01; **, p < 0.005 versus
1gf2 P3). C, results with the E-box mutations listed above (mean = S.D.,n =
3 experiments; ¥, p < 0.05; **, p < 0.02 versus Igf2 P3).

cline in transcriptional activity in differentiating myoblasts
(A2; Fig. 7, A and B). Similarly, stepwise deletions at the 3’
end of the D-C element also caused a greater than 20-fold
decrease in function (A3 and A4; Fig. 7, A and B). In addition,
mutation of the first of two E-boxes found within the 294-bp
segment reduced enhancer activity by nearly 90% (KO-E1),
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and mutation of both eliminated activation of Igf2 P3 during
muscle differentiation (Fig. 7, A and C). Of note, comparative
mapping revealed that a conserved DNA fragment was found
in the human genome in a similar location 3’ to H19 on chro-
mosome 11p15.5 and that its DNA sequence was ~80% iden-
tical to the 294-nucleotide D-C region from bp 118 —-294 (data
not shown).

DISCUSSION

A role for IGF2 has been established in skeletal muscle
based on evidence that its production has been linked tempo-
rally and functionally with muscle regeneration after injury
(32) and on the association of a DNA polymorphism in the
porcine IGF2 gene with increased muscle IGF2 mRNA ex-
pression and enhanced muscle mass (12). Despite these con-
nections with muscle growth and repair and studies showing
that IGF2 gene activation occurs as an early event during
muscle differentiation (18, 19, 33), the mechanisms regulating
IGF2 gene activity in muscle have proven to be elusive. Here
we identify and characterize a distal DNA element within the
imprinted mouse Igf2-H19 locus that has the properties of a
muscle transcriptional enhancer. Our key findings include the
demonstration that this region undergoes a transition to open
chromatin during muscle differentiation, whereas adjacent
chromatin remains closed, and more importantly, it physically
interacts in differentiating muscle nuclei with the Igf2 gene
found more than 100 kb away, suggesting that chromatin
looping or sliding to bring the enhancer in proximity to Igf2
promoters is also an early event in skeletal muscle differentia-
tion. Because additional studies show that a ~250-bp compo-
nent of this element can stimulate the transcriptional activity
of Igf2 promoter 3 in differentiating myoblasts but not in mes-
enchymal progenitor cells, our results in aggregate indicate
that we have identified a bona fide distal transcriptional en-
hancer that supports Igf2 gene activation in skeletal muscle
cells. Because this segment of DNA is conserved in an analo-
gous location in the human IGF2-H19 locus on chromosome
11p15.5, our results further suggest that its muscle enhancer
function also is conserved among different mammalian
species.

Studies revealing parent-of-origin-specific fetal growth im-
pairments in heterozygous knock-out mice first identified gf2
as an imprinted gene (42). Subsequent genetic manipulations
led to the characterization and mapping of the larger im-
printed Igf2-H19 locus (43— 46), defined the existence of an
ICR in the intergenic region between Igf2 and H19 (47, 48),
and showed how binding of CTCF is able to establish a chro-
matin boundary to control the transcriptional activity of each
gene (Refs. 47 and 48; also reviewed in Refs. 16 and 17). Other
experiments, employing transgenic mice carrying parts of the
Igf2-H19 locus or using chromatin conformation and capture
assays, were able to identify the existence of distal enhancers
with tissue-limited properties (28, 35—37), but these studies
have not progressed beyond initial descriptions. For example,
the ~4.3-kb region D first identified in transgenic mice (Fig. 3
and Ref. 36) was found by chromatin conformation and cap-
ture assay to associate with the Igf2 gene in mouse muscle
tissue (28), and was shown to stimulate activity of the H19
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promoter in cultured muscle cells (33), but was not studied in
any detail with Igf2 promoters, and was not recognized to
overlap in DNA sequence with CS9 (Fig. 3), which itself was
first identified through analyses in transgenic mice (35).

The three Igf2 promoters all appear to function in the em-
bryo and fetus (14), although the contribution of each to IGF2
mRNA production in different developing tissues has not
been established. In muscle cells in culture, only promoter 3
appears to be active, with significant induction occurring dur-
ing differentiation, and the mechanisms by which the distal
enhancer selectively targets just this promoter remain to be
elucidated. It also is unknown whether the enhancer plays a
role in Igf2 gene activation during muscle regeneration and
whether it primarily targets promoter 3, because in postnatal
gastrocnemius muscle iz vivo under normal growth condi-
tions, promoter 1 also is functional (Fig. 2). Similarly, the indi-
vidual components of the enhancer remain to be dissected,
and the critical transcription factors need to be identified.
Our initial studies using reporter gene experiments suggest
that at least one E-box within the ~250-bp minimal element
is necessary for full activity of the enhancer but also show that
other regions appear to be required to stimulate promoter
function during muscle differentiation (Fig. 7).

Recent whole genome analyses of the E-box-binding tran-
scription factor, MyoD, which plays a central role in specify-
ing myoblast fate, in initiating muscle differentiation, and in
facilitating muscle regeneration (reviewed in Refs. 49 and 50)
have found that it can bind in chromatin to many E-box se-
quences (CANNTG, where N = G, A, T, or C; preferred sites
are CAGCTG and CACCTG (51)), including those that are
far from muscle genes (51). Within the D3-CS9 segment of
mouse chromatin downstream of H19 that encompasses the
muscle enhancer (Fig. 5), there are at least six E-boxes, in-
cluding two that match a preferred sequence, CAGCTG. Both
of these latter DNA segments, plus another E-box within the
D3-CS9 overlapping segment that when mutated reduces
functional enhancer activity (Fig. 7C), bind MyoD in chroma-
tin in confluent and differentiated C2C12 myoblasts and in
differentiated myotubes derived from mouse myoblasts in
primary culture, as seen in results found in the NCBI se-
quence read archive (accession number SRP001761). Thus,
based on these data, MyoD may be one of the transcription
factors that can regulate the distal muscle enhancer.

Other critical transcriptional and chromatin modifying fac-
tors that participate in the actions of the distal enhancer to
stimulate Igf2 gene transcription during muscle differentia-
tion remain to be identified. Of particular interest will be the
chromatin-associated proteins that mediate the long distance
transfer of information from the enhancer to promote Igf2
gene activation in differentiating myoblasts. Because the distal
enhancer characterized here as a tissue-limited activator of
Igf2 gene transcription also has been found to associate in
muscle with the H19 promoter located ~27 kb away (28) and
because the entire Igf2-H19 locus is subject to parental im-
printing (reviewed in Refs. 16 and 17), of equivalent interest
will be the detailed biochemical mechanisms by which the
ICR and CTCEF differentially direct specific chromatin loops
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containing the enhancer toward the H19 or Igf2 gene
promoters.

Excessive signaling through the IGF1 receptor has been
associated with several negative outcomes, including in-
creased cancer risk (52) and accelerated aging and tissue se-
nescence (53, 54). At the same time, IGF therapy has been
proposed for muscle disorders and to counteract sarcopenia
associated with aging and chronic disease (5, 55). It is clear
that better understanding of the regulation and actions of this
potent growth factor system in muscle or in other tissues is
needed to ensure optimal therapeutic benefit.
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