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Introduction

The phrase “metastable epiallele” was first coined by Rakyan and 
colleagues in 2002 to describe genes that are variably expressed 
in genetically identical individuals as a result of epigenetic 
modifications established during early development.1 The term 
“epiallele” refers to “an allele that can stably exist in more than 
one epigenetic state, resulting in different phenotypes,” while 
“metastable” highlights the “labile nature of the epigenetic state 
of these particular alleles.”1 Metastable epialleles are most often 
associated with retroelements and transgenesis, resulting in ecto-
pic or aberrant transcription of nearby genes. Furthermore, the 
extent of DNA methylation at metastable epialleles is stochastic 
due to probabilistic reprogramming of epigenetic marks during 
embryogenesis, resulting in variable phenotypes across geneti-
cally identical individuals.2 Important to the emerging field of 
environmental epigenomics, these stochastic methylation pat-
terns may be influenced by maternal nutrition and environmental 
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exposures during early development.3-7 Little is known, however, 
about the role of chromatin structure and histone modifications 
in influencing metastable epiallele expression and subsequent 
phenotypic variation.

Three of the identified murine metastable epialleles (Avy, AxinFu, 
CabpIAP) are associated with contraoriented intracisternal A par-
ticle (IAP) proviral insertions.8-10 Approximately 1,000 copies  
of IAP retrotransposons are present in the mouse genome11 and 
about 40% of the human genome is comprised of transposable 
elements, of which approximately 9% are retrotransposons.12 The 
murine viable yellow agouti (Avy) allele is the most extensively 
studied metastable epiallele.9 The Avy mouse model, in which 
coat color variation is correlated to epigenetic marks established 
early in development, has been used to investigate the impacts of 
nutritional and environmental influences on the fetal epigenome. 
The wildtype murine Agouti gene encodes for a paracrine signal-
ing molecule that produces either black eumelanin (a) or yellow 
phaeomelanin (A). Both A and a transcription are initiated from 
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consists of ~147 base pairs of DNA coiled around an octamer of 
core histone proteins (H2A, H2B, H3 and H4). In addition to 
their structural role, histones play an important regulatory role 
in local gene activities, including transcription and DNA repair 
as well as more global functions such as DNA replication. At 
least eight types of histone modifications exist, of which histone 
acetylation, methylation, phosphorylation and ubiquitination 
are the most extensively studied.15 These modifications occur at 
over 60 different residues, rendering a full characterization of the 
histone code16 an enormous task. Histone acetylation is usually 
associated with transcriptional activation because acetylation of 
lysine residues neutralizes its basic charge, promoting chromatin 
relaxation and recruiting bromo-domain proteins that facilitate 
transcription.17 On the other hand, histone methylation results 
in various transcriptional consequences; H3K4, H3K36 and 
H3K79 methylation are most often associated with transcrip-
tional activation, while H3K9, H3K27 and H4K20 methyla-
tion are linked to transcriptional repression. Modified histones 
interact with DNA methylation to recruit multi-subunit chro-
matin-protein complexes, such as the repressive polycomb group 
proteins or the activating SWI-SNF proteins.

To investigate the histone profile of the Avy metastable epial-
lele, we utilize in vivo chromatin immunoprecipitation (ChIP) of 
Avy/a liver tissue followed by quantitative real-time PCR (qPCR) 
to characterize four key histone modifications in the 5' IAP of the 
Avy metastable epiallele. Within the same series of mice, we also 
correlate and associate the identified variable histone marks with 
site-specific Avy CpG methylation profiles and Agouti gene expres-
sion. We chose to investigate H3 and H4 lysine (K) di-acetylation, 
which are both marks associated with transcriptional activation,17 
and are thought to be modified by environmental and nutritional 
agents, including nickel and soy.18,19 We also investigate two his-
tone methylation modifications. H3K4 tri-methylation has been 
associated with transcriptional activation via methyl binding 
and chromo-domain protein recruitment (reviewed in ref. 20). 
Conversely, H4K20 tri-methylation has been associated with 
transcriptional repression.21 It is reported herein that H3 and H4 
lysine di-acetylation is enriched within the IAP LTR upstream 
of the Agouti gene in yellow Avy/a offspring and that H4K20 tri-
methylation in the same region is enriched within pseudoagouti 
Avy/a offspring. These findings indicate that in addition to sto-
chastic methylation patterns, variable histone modifications also 
play a role in the inter-individual epigenetic variation of meta-
stable epiallele expression in Avy mice.

Results

Site-specific Avy histone marks, Avy CpG DNA methylation and 
quantitative Agouti gene expression were assessed in individual 
(non-pooled) Avy/a animals of the yellow and pseudoagouti coat 
color classes. Liver tissues for these analyses were collected from 
eight yellow and seven pseudoagouti animals and stored in ali-
quots. DNA methylation and expression studies were conducted 
on all 15 animals, though ChIP histone experiments were per-
formed on only six to 12 animals due to tissue quantity limita-
tions or technical difficulty.

a hair-cycle specific promoter in exon 2. Transient A expression 
in hair follicles during a specific stage of hair growth results in 
a sub-apical yellow band on each black hair shaft, causing the 
brown (agouti) coat color of wild-type mice.9 The Avy metastable 
epiallele resulted from the insertion of an IAP murine retrotrans-
poson upstream of the transcription start site of the Agouti gene  
(Fig. 1A).6,9 A cryptic promoter in the proximal end of the Avy IAP 
promotes constitutive ectopic Agouti transcription, leading to yel-
low fur, obesity and tumorigenesis.13,14 CpG methylation in the 
Avy IAP correlates inversely with ectopic Agouti expression. The 
degree of methylation at six CpG sites within the 5' long terminal 
repeat (LTR) of the Avy IAP varies dramatically among individual 
isogenic Avy/a mice, causing a wide variation in coat color rang-
ing from yellow (unmethylated) to pseudoagouti (methylated)  
(Fig. 1B).13 Yet, the types and patterns of histone modifications 
in this or any other metastable epiallele, remains undefined.

Chromatin consists of a nucleoprotein complex that packages 
linear genomic DNA via an array of nucleosomes. Each nucleosome 

Figure 1. The Avy metastable epiallele. (A) The viable yellow agouti 
(Avy) allele contains a contra-oriented IAP insertion within pseudoexon 
1A (PS1A) of the Agouti gene. A cryptic promoter (short arrow labeled 
Avy) drives constitutive ectopic Agouti expression. Transcription of 
the Agouti gene normally initiates from a developmentally regulated 
hair-cycle specific promoter in exon 2 (short arrow labeled A, a). (B) 
Genetically identical Avy/a offspring representing the yellow and 
pseudoagouti coat color phenotypes are shown. * indicates 5’LTR of the 
Avy IAP region and **represents non-IAP genomic PS1A region.
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di-acetylation binding activity in yellow mice was 23.4 ± 12.0% 
compared to 1.3 ± 0.75% in pseudoagouti mice. Similarly, for 
the H4 di-acetylation mark, a marginally statistically significant 
increase was seen in yellow animals compared to pseudoagouti 
animals following normalization with Input DNA (p = 0.08;  
n = 3 per group) (Fig. 2B). Mean H4 di-acetylation binding 
activity in yellow mice was 70.1 ± 19.9% compared to 4.6 ± 4.5% 
in pseudoagouti mice. No differences in H3 and H4 acetylation 
marks were observed in the PS1A genomic region located 300 bp 
downstream of the Avy IAP (p = 0.4 and p = 0.4; n = 6 and n = 3  
per group, respectively), indicating that the observed effects in 
histone variability are specific to the 5' LTR of the Avy IAP (Fig. 2C  
and D). Mock immunoprecipitation with negative control mouse 
IgG displayed a percent of input binding activity of 1.72% and it 
did not differ between yellow and pseudoagouti animals.

Interestingly, we did not observe a statistically significant 
difference in Avy IAP or genomic PS1A H3K4 tri-methylation 
enrichment in yellow compared to pseudoagouti animals (p = 0.7  
and p = 0.9; n = 6 and n = 5 per group, respectively) (Fig. 3A  
and C). For the Avy IAP, average binding activity within yellow 
mice was 13.6 ± 3.5% compared to 16.3 ± 6.1% in pseudoagouti 
animals (Fig. 3A). We did, however, observe enrichment of H4K20 
tri-methylation in pseudoagouti offspring compared to genetically 

Variable histone modifications in the Avy metastable epial-
lele. We adapted the ChIP protocol for use in intact liver tissue 
from d22 yellow and pseudoagouti Avy/a mice using four histone 
modification antibodies of interest plus negative and positive 
antibody controls. Primers were designed to investigate antibody 
enrichment of histone modifications in the 5' LTR of the Avy IAP. 
This region contains 6 CpG sites, which have been shown to be 
variably methylated in isogenic Avy/a offspring of different coat 
color phenotypes.4 Specifically, primers were chosen to amplify 
sites 4 to 9, a region postulated from previous DNA methylation 
studies to contain the highest probability of modified histone 
binding (indicated by a * in Fig. 1A).4,5 As a control, a second 
set of primers were designed to evaluate histone structure and 
variability in the pseudoexon 1A (PS1A) genomic region located 
300 bp downstream of the Avy IAP (indicated by a ** in Fig. 1A).

Following ChIP and qPCR, we observed Avy IAP enrichment 
of H3 and H4 di-acetylation in yellow offspring compared to 
genetically identical pseudoagouti offspring reared in similar 
maternal and postnatal environments (Fig. 2A and B). A mar-
ginally statistically significant increase in H3 di-acetylation 
immunoprecipitated DNA was seen in yellow animals com-
pared to pseudoagouti animals following normalization with 
Input DNA (p = 0.09; n = 6 per group) (Fig. 2A). Mean H3 

Figure 2. Chromatin precipitation for acetylated histones H3 and H4 in the 5’ LTR of the IAP and in PS1A. Binding activity was calculated as percent 
of pre-immunoprecipitated input DNA as represented by 2-∆C(t) X100. (A) DNA precipitated by H3 di-acetylation antibody is enriched in yellow versus 
pseudoagouti Avy/a mice (p = 0.09; n = 6 per group) within the 5’ LTR of the IAP. (B) DNA precipitated by H4 di-acetylation antibody is enriched in 
yellow versus pseudoagouti Avy/a mice (p = 0.08; n = 3 per group) within the 5’ LTR of the IAP. (C) DNA precipitated by H3 di-acetylation antibody does 
not vary by coat color within the PS1A genomic region (p = 0.4; n = 6 per group). (D) DNA precipitated by H4 di-acetylation antibody does not differ by 
coat color within the genomic PS1A region (p = 0.4; n = 3 per group). * indicates significance at the 0.09 level.
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(Table 1). Analysis of individual CpG sites, revealed significantly  
(p < 0.0001) lower methylation in the yellow animals at all 6 sites 
(Table 1). Similar Avy DNA methylation patterns across yellow 
and pseudoagouti animals were observed for kidney and brain 
tissue (data not shown).

Consistent with CpG methylation levels and displaying the 
expected direction, quantitative Agouti (a) gene expression levels 
are associated with coat color class-specific variable histone marks 
and quantitative DNA methylation levels. Average a expression 
levels in liver tissue from yellow animals (n = 8) was greater 
than 600-fold higher compared to pseudoagouti animals (n = 7) 
(Table 1). Similar correlations between methylation levels and 
expression are observed for Avy/a kidney and brain tissues (data 
not shown).

Discussion

These results show for the first time the presence of variable 
histone modifications at the Avy metastable epiallele in geneti-
cally identical Avy/a mice. Yellow mice that are hypomethylated 
at the DNA level in the Avy IAP LTR and exhibit constitutive 
ectopic agouti expression, also display enrichment of activating 
histone acetylation modifications (H3 and H4 di-acetylation). 
Pseudoagouti mice, in which DNA hypermethylation at the 
Avy IAP is thought to silence ectopic agouti expression, display 

identical yellow offspring (Fig. 3B). A statistically significant 
increase in immunoprecipitated DNA levels was demonstrated 
in pseudoagouti animals compared to yellow animals (p = 0.01,  
n = 6 per group). Average binding activity for yellow mice was 
3.7 ± 1.5% compared to 14.3 ± 3.6% in pseudoagouti mice (Fig. 
3B). No difference in H4K20 tri-methylation was observed in 
the PS1A genomic region downstream of the Avy IAP (p = 0.8, n = 
5 per group), indicating that the observed effects in histone vari-
ability are specific to the 5' LTR of the Avy IAP (Fig. 3D). Mock 
immunoprecipitation with negative control mouse IgG displayed 
a percent of input binding activity of 1.38% and did not differ 
between yellow and pseudoagouti animals.

DNA methylation and agouti (a) expression. The 5' Avy cryptic 
promoter contains 6 CpG sites, which are variably methylated in 
isogenic Avy/a offspring and can be modified according to mater-
nal nutritional status4 and environmental exposure5 (Fig. 1A).  
Quantitative liver DNA methylation levels at Avy CpG sites 
4–9 are correlated with coat color class-specific variable histone 
marks. Yellow animals, which exhibit increased enrichment 
of H3 and H4 histone di-acetylation at the 5' LTR of the Avy 
IAP, display mean CpG site 4–9 methylation levels of 8.8%  
(n = 8) (Table 1). Alternatively, pseudoagouti animals, exhib-
iting enhanced H4K20 tri-methylation modifications at the 5' 
LTR of the Avy IAP, have an average CpG site 4–9 methylation 
level of 87.0% (n = 7; p = 0.0001 compared to yellow animals) 

Figure 3. Chromatin precipitation for methylated histones in the 5’ LTR of the IAP and in PS1A. Binding activity was calculated as percent of pre-
immunoprecipitated input DNA as represented by 2-DC(t) X100. (A) DNA precipitated by H3K4 tri-methylation antibody is not enriched in yellow versus 
pseudoagouti Avy/a mice (p = 0.7; n = 6 per group) within the 5’ LTR of the IAP. (B) DNA precipitated by H4K20 tri-methylation antibody is enriched 
in pseudoagouti compared to yellow Avy/a mice (p = 0.01; n = 6 per group) within the 5’ LTR of the IAP. (C) DNA precipitated by H3K4 tri-methylation 
antibody does not vary by coat color within the PS1A genomic region (p = 0.9; n = 5 per group). (D) DNA precipitated by H4K20 tri-methylation 
antibody does not differ by coat color within the genomic PS1A region (p = 0.8; n = 5 per group). ** indicates significance at the 0.01 level.
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nutritional exposures, the number of studies devoted to assess-
ing environmentally induced changes in histone modifications 
is relatively few. Histone modifications play an important role in 
delayed plant flowering in response to prolonged cold weather.26 
Costa and colleagues have reported decreased histone acetyla-
tion, increased histone methylation and subsequent decreased 
gene expression following nickel exposure.18,27 Furthermore, 
chromium exposure has been linked to epigenetically controlled 
gene expression alterations via interactions with histone acetyl-
transferase and histone deacetylase enzymes.28 Finally, a study of 
human identical twins observed epigenetic differences in H3 and 
H4 histone modifications in 35% of twin pairs.29

Previously, the Avy model has been used as an epigenetic bio-
sensor for determining whether maternal environmental and 
nutritional factors affect the fetal epigenome.5,6,30,31 For example, 
recently, we4 demonstrated that maternal dietary supplementa-
tion of mice with the phytoestrogen genistein shifts the coat 
color of offspring toward pseudoagouti by increasing methyla-
tion of the Avy retrotransposon. As phytoestrogens are not methyl 
donors, we hypothesized genistein might influence chromatin 
structure and subsequent DNA methylation and gene expression 
via altered histone modifications.4 Emerging data now suggest 
epigenetic modifications are inherited not only during mitosis, 
but also can be transmitted transgenerationally.7,13,32,33 However, 
when Whitelaw et al.34 investigated DNA methylation as the 
inherited epigenetic mark within Avy gametes, zygotes and blas-
tocysts, DNA methylation was entirely absent from the blasto-
cyst, indicating that CpG methylation is not the inherited mark. 
Thus, though it is becoming clearer that environmental effects 
on the epigenome may be inherited in the mammalian germ-line, 
the exact mechanisms mediating this inheritance are unknown. 
Histone modifications and non-coding RNAs are two potential 
mechanisms mediating transgenerational epigenetic inheritance, 
although their exact roles remain to be elucidated.

Materials and Methods

Viable yellow agouti (Avy) mice. Liver, kidney and brain tissue 
from yellow (n = 8) and pseudoagouti (n = 7) Avy/a mice from dif-
ferent litters were collected on post-natal-day 22 (d22) mice and 
flash frozen in three aliquots with liquid nitrogen prior to storage 
at -80°C. One liver aliquot each was used for histone, methytion 
and expression analysis. DNA methylation and expression levels  
were analyzed in liver, kidney and brain tissue, while histone 
marks were analyzed in d22 liver tissue only. Mice were obtained 
from a colony that has been maintained with sibling mating and 

enrichment of the repressive histone H4K20 tri-methylation 
modification. These variable histone marks were not observed in 
the PS1A genomic region 300 bp downstream of the Avy IAP, 
indicating that variable histone marks are specific to the 5' LTR 
of the Avy IAP and may be contributing to the metastable nature 
of this gene. Furthermore, the presence of variable histone marks 
and their associated function were correlated with DNA meth-
ylation and Agouti gene expression. For example, yellow animals, 
exhibiting histone marks associated with open chromatin con-
figuration, had much higher levels of Agouti gene expression and 
much lower levels of DNA methylation. The opposite effects 
(lower Agouti gene expression and higher DNA methylation) 
were observed for pseudoagouti animals with histone marks asso-
ciated with repressive chromatin states.

Together, these data indicate that DNA methylation acts in 
concert with histone modifications to affect variable expression of 
the Avy metastable epiallele. Interestingly, enrichment differences 
were not observed between yellow and pseudoagouti offspring 
following chromatin immunoprecipitation with the activat-
ing chromatin modification, H3K4 tri-methylation. Recently, 
genome-wide epigenomic mapping studies have revealed that 
promoter regions associated with high CpG content (CpG 
islands) are more likely to contain H3K4 methylation, whereas 
promoters with lower CpG content lack this mark.22,23 Since the 
LTR of the Avy IAP is not a CpG island, it is therefore reasonable 
to conclude that H3K4 tri-methylation may not contribute to 
variable expressivity of the Avy metastable epiallele. Results from 
this study indicate that a more comprehensive analysis of histone 
modifications within the Avy IAP LTR is warranted to elucidate 
the full histone code16 associated with this metastable epiallele. 
For example, within pericentric heterochromatin regions, it is 
known that the repressive H3K9 tri-methylation mark is associ-
ated with, if not required for, H4K20 tri-methylation.24,25 Given 
the enrichment of H4K20 tri-methylation in the Avy IAP of pseu-
doagouti mice, it is important to assess whether H3K9 methyla-
tion is also present within metastable epialleles. Finally, since in 
vivo ChIP analysis of intact tissue can be technically challeng-
ing and enrichment differences for H3 and H4 acetylation only 
reached marginal significance in our study, it will be important 
to ensure adequate tissue collection and biological replicates in 
future analyses of metastable epiallele histone profiles.

The characterization of histone modifications at metastable 
epialleles is an important step in identifying mechanisms of 
action promoting environmentally-induced alterations within 
the epigenome. Compared to the number of studies investigating 
changes in DNA methylation following environmental or 

Table 1. DNA methylation and Agouti (a) expression levels by histone and coat color status

Histone mark Liver DNA methylation Liver (a) expression

Liver histone trend Mark type
Avg. 
(4–9)

Site 4 Site 5 Site 6 Site 7 Site 8 Site 9

Yellow
Enriched H3 and H4 

di-acetylation
Activating 8.8% 10.5% 8.6% 8.2% 9.9% 7.2% 8.4% 600 Fold Increase

Pseudo-
agouti

Enriched H4K20 
tri-methylation

Repressive 87% 91% 84.3% 88.7% 85.8% 81.7% 90.5% Baseline 
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(tri-methyl Lys4, catalog number 07–473) were obtained from 
Upstate Cell Signaling Solutions (Millipore, Lake Placid, NY, 
USA). These antibodies have been used successfully in ChIP 
protocols (data supplied by Millipore/Upstate).

Mock immunoprecipitations with mouse IgG (negative con-
trol) and positive control immunoprecipitation with RNA pol II 
antibody were included as controls (ChIP-IT Control Kit Mouse, 
Active Motif catalog number 53011) and PCRs were performed 
per manufacturer’s suggestion. Positive control PCRs using the 
EFI-alpha primers (233 bp product) performed on samples incu-
bated in RNA pol II antibody were confirmed to yield more 
product than samples incubated in IgG antibody. Negative con-
trol PCRs (245 bp product) were confirmed to yield equivalent 
amounts of product in samples incubated with RNA pol II and 
IgG.

Real-time PCR for histone modifications. Primers were 
designed for qPCR to result in product amplicons of 150–300 bp  
(Tm = 60°C) using the Primer3 design program (http://frodo.
wi.mit.edu/). Specifically, primers were designed to generate 
amplicons that span the IAP/genomic DNA boundary in order 
to distinguish between the Avy and a alleles. Prior to use in qPCR, 
primer pairs were tested in regular PCR for correct size and 
absence of primer dimer formation using standard PCR reagents 
and protocols. PCR primers for the 5' LTR Avy IAP amplify a 
251 bp region spanning CpG sites 4–9 of the Avy IAP (located 
at nucleotide positions 244, 265, 306, 319, 322 and 334 of 
GenBank accession number AF540972) and are listed in Table 2.  
For analysis of the PS1A genomic region located 300 bp down-
stream of the Avy IAP, primer pairs amplifying a 186 bp amplicon 
spanning genomic CpG sites (nucleotide positions 684, 716 and 
794 of GenBank accession number AF540972) were designed 
and are present in Table 2.

For qPCR, 2 ml of ChIP DNA were used as a template in 20 µl  
reactions containing 10 ml of 2X SYBR Green Master Mix 
(Applied Biosystems, Foster City, CA) and 0.5 uM primers 
using the Applied Biosystems 7900HT Fast Real-Time PCR 
System according to manufacturer’s protocols. All samples  

forced heterozygosity for the Avy allele for over 220 generations, 
resulting in a genetically invariant background.6 Animals used 
in this study were maintained in accordance with the Guidelines 
for the Care and Use of Laboratory Animals and the study pro-
tocol was approved by the University of Michigan and Duke 
University Committees on Use and Care of Animals.

Chromatin isolation and immunoprecipitation (ChIP) assay. 
We adapted the ChIP-IT Express protocol provided by Active 
Motif (Carlsbad, CA) for use on frozen tissue. Briefly, 50 mg of 
liver tissue (approximately 10 x 106 cells) was crushed into small 
pieces using a pestle and mortar submerged in liquid nitrogen. 
Ground liver tissue was incubated at room temperature for 10 min  
in 10 ml of fixation solution (1% formaldehyde in 1X PBS) to 
cross-link DNA and associated proteins. Cross-linked samples 
were washed with glycine-stop-fix solution (10X glycine buffer, 
10X PBS and dH

2
O) to halt fixation and followed by wash-

ing with cell-scraping solution (10X PBS, dH
2
O and 100 mM 

PMSF). Samples were incubated on ice for 30 min in ice-cold 
lysis buffer (supplemented with 7.5 ml protease cocktail inhibitor 
(PIC) and 7.5 ml 100 mM PMSF) prior to douncing on ice to 
release nuclei from cells. Cells were suspended in 330 ml shearing 
buffer prior to sonication. All reagents were supplied by Active 
Motif (Carlsbad, CA). DNA was sonicated to shear lengths of 
200 to 1,000 bp using a Branson sonicator with a 2 mm microtip 
(5, 10 sec pulses with 50 sec pause on ice) with an amplitude 
setting of 35%. The sheared DNA was centrifuged at 13,000 
rpm at 4°C for 12 min to remove cellular debris prior to storage 
at -80°C. 25 ml were removed to check shearing efficiency and 
concentration.

Chromatin immunoprecipitation (ChIP) was then car-
ried out according to manufacturer’s protocol (Active Motif, 
Carlsbad, CA). Prior to immunoprecipitation, 10 ml of sheared 
DNA was reserved to serve as a no-antibody “Input” control. 
Antibodies specific for H3 acetylation (di-acetyl Lys9 and Lys14, 
catalog number 06–599), H4 acetylation (di-acetyl Lys5, Lys8, 
Lys12, Lys16, catalong number 17–211), H4 methylation (tri-
methyl Lys20, catalog number 07–463) and H3 methylation  

Table 2. PCR and pyrosequencing primers

Assay Primer name Primer sequence

Avy IAP histone qPCR 
(251 bp)

Avy_SY_F3 5' AAA AAC AGA GTA CAA GTG GTC GTA 3'

Avy_SY_R3 5' GAA ACA CAA CAT CTG GAT GGA 3'

Avy PS1A histone qPCR 
(186 bp)

Avy_SY_F5 5' AGC ACC TGA ATT CAC ATT TG 3'

Avy_SY_R5 5' TTT GCA CCA CAG TCG TTT T 3'

Avy IAP CpG methylation PCR 
(312 bp)

IAPF3 5' ATT TTT AGG AAA AGA GAG TAA GAA GTA AG 3'

Avy_Gen_R1 5'BIOTIN-CTA CAA AAA CTC AAA AAC TCA 3'

Avy IAP pyrosequencing primer 
(CpG sites 4–5)

Avy4-5 5' GGA AAA ATA GAG TAT AAG TGG T 3'

Avy IAP pyrosequencing primer 
(CpG sites 6–9)

CpG6F-short 5' TAG AAT ATA GGA TGT TAG 3'

Agouti (a) expression qPCR 
(84 bp)

Agouti 1For 5' TGG AGA TGA CAG GAG TCT GC 3'

Agouti 1Rev 5' TTC TTG TTC AGT GCC ACG AT 3'

Housekeeping gene expression qPCR 
(130 bp)

b-actin 1For 5' GCT CCT TCG TTG CCG GTC CA 3'

b-actin 1Rev 5' ATA CAG CCC GGG GAG CAT CG 3'
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Samples were processed as per manufacturer’s protocol for large 
volume samples with a 50 mL final elution volume. For liver tis-
sue lysates only, the manufacturer’s protocol was modified to use 
50% ethanol, rather than 70% ethanol, in the initial precipita-
tion and binding step. Total RNA quality and concentration 
were assessed using a ND1000 spectrophotometer (NanoDrop 
Technology, Wilmington, DL, USA). For each sample, a volume 
equivalent to 1 mg of total RNA was used with the iScript cDNA 
Synthesis Kit (Bio-Rad, Hercules, CA, USA) to generate DNA 
complementary to the messenger RNA.

Real-time PCR for expression analysis. Primers for real-
time PCR of the mouse Agouti (a) gene (Table 2) were designed 
using GenScript Real Time PCR (TaqMan) Primer Design Tool 
(GenScript, Piscataway, NJ, USA, www.genscript.com/ssl-bin/
app/primer). Primers for real-time PCR of mouse housekeep-
ing gene b-actin (Table 2) were designed using NCBI Primer 
BLAST (www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi? 
LINK_LOC=BlastHome). Both primer pairs were designed to 
have a Tm = 59°C ± 1°C, contain ≤3 Gs or Cs within 5 bases of 
the 3' end and produce a product between 50–150 bp in length. 
Primers were also designed, where possible, to either bind across 
an exon junction or produce a product containing at least one 
exon junction. Each real-time PCR amplification was performed 
as a 25 mL reaction using iQTM SYBR® Green Supermix (Bio-
Rad, Hercules, CA), 2 mL of 10-fold diluted cDNA and a 100 
nM final concentration of each primer. Reactions were carried 
out in triplicate on a CFX96TM Real-Time System (Bio-Rad, 
Hercules, CA, USA) and included no template control reactions 
for each primer set. PCR conditions were 95°C for 3 min, 40 
cycles of 95°C for 10 s, 55°C for 30 s and 95°C for 10 s. This was 
followed by a melt curve analysis of 65°C–95°C in 0.5°C incre-
ments. Following real-time PCR and melt curve analysis, prod-
ucts were run on a 2% agarose gel against a 25 bp DNA ladder to 
verify appropriate product size.

CFX ManagerTM Version 1.0 software (Bio-Rad, Hercules, 
CA, USA) was used to calculate the average threshold cycle 
(C(t)) for each set of triplicate reactions. The C(t) for Agouti (a) 
was normalized against the C(t) for endogenous b-actin for each 
sample. From these data, CFX ManagerTM software was used to 
calculate the normalized expression level of the Agouti (a) gene in 
tissues from yellow-coated agouti mice relative to the normalized 
expression level in tissues from brown-coated pseudoagouti mice. 
Results are represented as fold change in expression (2-DDC(t)) on a 
linear scale, with error bars representing the standard error of the 
mean for the normalized data.
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(ChIP and Input) were analyzed in triplicate and no template 
control samples were included. RQ Manager 1.2 (Applied 
Biosystems, Foster City, CA, USA) software was used to calculate 
average threshold cycle (C(t)) values for each triplicate sample. 
Histone binding activity was calculated as percent of pre-immu-
noprecipitated Input DNA as represented by exp2(C(t)

input
 - C(t)

ChiP
) x 100, where (C(t)

input
 - C(t)

ChiP
) = DCT. This measurement 

controls for differences in post-shearing ChIP concentrations 
and allows for comparison across treatment (coat color) groups.35 
Coat color group comparisons of the percent of Input DNA were 
assessed by two sample hypothesis testing of means (t-test) and 
graphed using STATA version 9.1 software (College Station, TX, 
USA).

DNA isolation and methylation analysis. Total DNA was 
isolated from the liver, kidney and brain of the same d22 Avy/a 
animals assessed for ChIP experiments, as previously described.5 
Quantitative DNA methylation levels at individual CpG sites 
(4–9) within the Avy IAP LTR5 was performed via sodium bisul-
fite modification, as previously described,5 followed by pyrose-
quencing.36 Approximately 1 ug of DNA was bisulfite converted 
using the EpiTect Bisulfite Kit (Qiagen Inc., Valencia, CA, USA) 
with clean-up automation on the QIAcube® purification system. 
The six CpG sites studied are located at nucleotide positions 
244, 265, 306, 319, 322 and 334 of GenBank accession number 
AF540972. Bisulfite converted PCR primers as well as sequenc-
ing primers for pyrosequecning are listed in Table 2. The percent-
age of cells methylated was quantified using PyroMark software, 
which computes the degree of methylation as %5-methylated 
cytosines (%5 mC) over the sum of methylated and unmethyl-
ated cytosines. Samples were tested in duplicate and the average 
of the two replicates was used in the statistical analysis. Coat 
color group comparisons of the percentage of cells methylated 
at each of the 6 CpG sites within the Avy allele were performed 
by two-sample hypothesis testing of means (t-test) using STATA 
version 8.0 software (College Station, TX, USA).

Total RNA purification and cDNA synthesis. Total RNA 
was purified from the same series of mice used for the ChIP and 
methylation studies via an adapted protocol for the RNeasy® 
Mini Kit (Qiagen, Valencia, CA, USA) in conjunction with the 
QIAcube® automated nucleic acid purification system (Qiagen, 
Valencia, CA, USA). Briefly, approximately 20 mg of tissue from 
liver, kidney or brain was placed into individual round-bottom 2 
mL safe lock tubes with 600 mL of Buffer RLT® containing 1% 
(v/v) b-mercaptoethanol. A 5 mm stainless steel bead was added 
to each tube and the tissues were simultaneously disrupted and 
homogenized using two 30 s bursts at 30 Hz in a TissueLyser® 
II (Qiagen, Valencia, CA, USA). Residual debris was removed 
by centrifugation and the cleared crude lysate was transferred 
to a clean round-bottom 2 mL tube. Crude lysates, along with 
RNeasy® Mini Kit spin columns and reagents, were loaded 
into the QIAcube® automated nucleic acid purification system. 
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