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Strategies for dissecting epigenetic mechanisms 
in the mouse
Jesse Mager & Marisa S Bartolomei

Epigenetics generally refers to heritable changes in gene 
expression that are independent of nucleotide sequence. 
With complete genome sequences in hand, understanding 
the epigenetic control of genomes is the next step towards 
comprehending how the same DNA sequence gives rise 
to different cells, lineages and organs. Epigenetics also 
contributes to individual variation in normal biology and in 
disease states. The mouse provides a unique opportunity to 
understand how epigenetic differences contribute to both 
development and disease in a tractable mammalian system. 
Here we discuss current approaches and protocols used to 
study epigenetics in the mouse, including loss-of-function 
studies, mutagenesis screens, somatic cell nuclear transfer, 
genomics and proteomics.

With the completion of genome sequences, understanding the epi-
genetic control of genomes is the next step toward basic biologi-
cal knowledge of both normal and disease states. Originally used 
by Conrad Waddington to describe interactions of genes and their 
environment1, the term epigenetics is now more commonly used to 
refer to heritable changes in gene expression that are independent of 
nucleotide sequence. Epigenetics can be loosely defined as a situa-
tion in which the same DNA sequence is treated differently, and this 
variable treatment can occur at the level of the individual, organ, 
cell lineage or differentiation state. Even the two parental alleles of 
a gene can behave differently in the same cell nucleus, as happens 
with imprinted genes. Epigenetic regulation is paramount to achieve 
the biological complexity that occurs in multicellular organisms; it is 
also becoming apparent that the complexity of epigenetic regulation 
increases with genome size.

Here we describe current approaches to studying epigenetic regula-
tion using the mouse as a model system. We limit our focus to what is 
possible in vivo (whole mouse), and we address the benefits and caveats 
of various techniques. Because our laboratory studies the mechanisms 
that regulate genome imprinting and X chromosome inactivation 
(XCI), we use these epigenetic phenomena as examples throughout. 
Before discussing the methods used, it is worthwhile summarizing 

briefly the known epigenetic states and the genes and proteins that 
confer them. In vivo, DNA is wrapped around histone octamers, and 
these nucleosomes can be packaged and ordered to differing degrees of 
condensation, resulting in various local conformations of chromatin. 
Therefore, changes in nucleosome composition, as well as biochemi-
cal modifications to core histones and DNA itself, are implicated in 
epigenetic differences.

Epigenetic modifications
Epigenetic modifications can be subdivided into five categories, most 
of which are interdependent.

(i) Biochemical modification of DNA. In higher eukaryotes, only 
the methylation of cytosine residues in CpG dinucleotides has been 
identified as an important modification.

(ii) Biochemical modifications of core histones. With the develop-
ment of chromatin immunoprecipitation (ChIP), modifications of 
specific residues in histone tails have come to the forefront of epigen-
etic regulation. Furthermore, biochemical studies are beginning to 
define both a hierarchy of these modifications and mutually exclusive 
modifications on particular histone residues2,3.

(iii) Variant histones. Although few histone variants (such as prot-
amines or macro-H2A) have been shown to correlate with epigenetic 
states in the mouse, recent findings from other systems suggest that 
dynamic exchange of histone or histone variants in chromatin cor-
relates with the transcriptional status of a given locus4,5.

(iv) Looping and local conformation. In DNase hypersensitivity 
assays, local chromatin structure has been defined by its accessibility 
to transcriptional machinery. DNA looping is thought to be important 
for the interaction of regulatory elements in a given locus.

(v) Higher-order chromatin structure. Long-held concepts of 
the existence of large regions of euchromatic and heterochromatic 
chromatin along chromosomes are proving to be true, and techni-
cal advances are facilitating the epigenetic characterization of each 
state6,7. There is also much interest in the sequences and mechanisms 
that define the boundaries between these regions and in how these 
boundaries are established and maintained8,9.

Mediators of epigenetic modifications
Given the breadth of epigenetic alterations that have been identified, it 
is not surprising that numerous proteins and RNAs have been impli-
cated in epigenetic control. Six functional classes, based largely on the 
five types of modification listed above, can be used to categorize most 
of the genes encoding these epigenetic regulators.
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(i) DNA methyltransferases (DNMTs) and methyl CpG-binding 
domain (MBD) proteins. There are at least four DNMTs and six MBD 
proteins in the mouse. Some (or specific isoforms) of these proteins 
have dynamic temporal and spatial expression patterns early in devel-
opment,  findings that have helped to elucidate their roles in establish-
ing or maintaining patterns of DNA methylation10–15.

(ii) Histone-modifying proteins. Too numerous to list here, these 
proteins include histone methyltransferases, acetyltransferases and 
deacetylases. Some of the proteins that confer these histone modifi-
cations remain unknown in the mouse.

(iii) Histone exchange chaperones. Also not well characterized in 
the mouse, these proteins facilitate the exchange of core and variant 
histones. In addition, there are indications that some of these proteins 
interact with the transcriptional machinery itself, adding to the com-
plexity of how specific loci are recognized for histone exchange16.

(iv) Insulator proteins. Enhancer-blocking proteins, such as the 
CCCTC-binding protein (CTCF), are known to bind to specific DNA 
elements and to prevent promoter and enhancer interactions in cis17. 
Other insulator proteins, such as USF, function as barriers that block 
the spread of silencing and activating modifications at the sites where 
they are bound18. Proteins in this class are also thought to facilitate 
(or to block) looping of local chromatin and interactions of regula-
tory elements.

(v) Chromatin-modifying complexes. ATP-dependent chromatin-
remodeling complexes have been studied in several organisms includ-
ing the mouse19. These large complexes (such as NuRD, Brahma, RSF 
and HP1 complexes) generally contain proteins from several of the 
functional categories listed here, and their composition is regulated 

both temporally and tissue-specifically. In addition, the classically 
defined Polycomb group (PcG) protein complexes have recently 
received much attention owing to their involvement in the epigenetic 
regulation of some loci and the identification of histone-modifying 
activity in these complexes20–23.

(vi) Genes with unknown activities. There are a growing number 
of genes that have a role in epigenetic regulation, but whose precise 
activity remains unclear. Genes in this class are largely noncoding 
RNAs, such as Xist or Kcnq1ot1, and recently identified microRNAs24. 
Although much is known about the behavior of some of these RNA 
molecules, it has proved difficult to define their molecular functions 
in vivo.

Finally, it is important to note that various genes, such as those encod-
ing tissue-specific transcription factors, contribute to epigenetic status 
but have functions that are not necessarily required to establish or to 
maintain this status per se. These genes are part of our evolving knowl-
edge, but their discussion is beyond the scope of this perspective.

Endogenous retrotransposons
Some of the first mammalian epigenetic phenomena to be studied 
involve loci where integration of the intracisternal A-particle (IAP) 
retrotransposon alters the expression of nearby genes. For example, epi-
genetically inherited kink-tail phenotypes have been studied since the 
1930s (ref. 25), even though the Axin-fused allele (Axin1Fu) responsible  
has been only recently characterized26. The DNA methylation status 
of IAPs at the Axin1 and agouti (A) loci correlate with expression pat-
terns and phenotypes (kink-tails and coat color, respectively), and these 
methylation patterns are heritable through the male and female germ 

Epigenetic reset in gametes
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Figure 1  Developmentally defined epigenetic events. Shown is mouse development from fertilization (F) to terminal differentiation (TD). Purple bars indicate 
epigenetic events and modifications; green bars indicate important developmentally regulated epigenetic landmarks; and red bars indicate experimental 
approaches to examine epigenetic events in vivo during different developmental time windows. We expect that advances in the coming years will enable 
specific histone modification events to be added to this scheme. The timing of some of these events, such as protamine release and histone replacement, 
has not been defined precisely. C, cell; E, embryonic day; siRNA, short interfering RNA.
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line27,28. Notably, in addition to imprinted genes, these loci provide 
endogenous elements in the mouse with which to study the molecu-
lar mechanisms responsible for heritable epigenetic states that escape 
reprogramming in the early embryo.

Loss-of-function studies
Loss-of-function alleles generated through gene targeting, RNA-medi-
ated interference (RNAi) and classical mutagenesis have supplied the 
most information about trans-acting factors that confer epigenetic states. 
It is only through such mouse studies that the roles of DNMTs, MBDs, 
CTCF and the PcG proteins EED and EZH2 have been elucidated. Prime 
examples of the importance of loss-of-function experiments lie in the 
many Dnmt deletion alleles that have helped to establish their roles in 
epigenetic regulation. Dnmt1−/− mice die at embryonic day 9.5 and show 
abnormal expression of imprinted genes, expression of normally silent 
IAP elements and defects in XCI29–31. Methylation is properly estab-
lished in mutant embryos but is gradually lost, indicating that DNMT1 
has a role in maintenance—an observation that is supported by in vitro 
findings. In contrast to Dnmt1, inactivation of Dnmt3a and Dnmt3b 
blocks de novo methylation in embryonic stem cells and early embryos32. 
It has been more recently shown that DNMT3A and DNMT3L methyl-
ate transposable elements and imprinted genes in germ cells33,34.

Whereas loss-of-function analysis has helped to define distinct roles 
for DNMTs, genetic analysis of the MBD proteins has proved more chal-
lenging13. Mice that have null mutations in Mecp2 or Mbd2 are viable 
and fertile and show surprisingly mild phenotypes and no observable 
defects in epigenetic phenomena such as XCI and imprinting35,36. More 
detailed studies and the use of evolving technology have facilitated the 
functional analysis of these proteins. For example, MBD2 has a role in 
regulating T-cell lineage determination37 and MECP2 is implicated in 
chromatin looping38.

Traditional gene targeting is the standard for 
generating null alleles, but other technology is 
proving effective in isolating hypomorphic or 
neomorphic alleles that are useful for assign-
ing gene function. For example, an N-ethyl-N-
nitrosourea (ENU)-based mutagenesis screen 
for embryonic lethal phenotypes produced 
loss-of-function alleles that showed that EED 
has a role in maintaining genomic imprinting 
and XCI21,22. More recently, transgenic RNAi 
has facilitated the production of knock-down 
mice in which the targeted RNA is depleted to 
various levels, depending on the transgenic line, 
in an ‘epiallelic series’39,40. Transgenic RNAi 
in which a double-stranded RNA targeting 
CTCF mRNA has been used specifically dur-
ing oocyte maturation to show that CTCF has a 
role in protecting the imprinted gene H19 from 
acquiring methylation41. In addition, targeted 
mutations resulting in subtle base substitutions 
have been informative at the widely studied 
H19-Igf2 region and other loci42,43. Although 
modern advances are leading to high-through-
put epigenome analyses, in vivo genetic engi-
neering will remain the standard for assessing 
the function of a specific gene (Fig. 1).

Mutagenesis screens
For several decades, mutagenesis screens 
have been successfully implemented in many 

model systems. Both large-scale X ray–induced deletions and chemi-
cally induced point mutations (particularly those induced by ENU) 
have yielded much information in the mouse44,45. Given the power of 
genetic screens to identify genes not previously implicated in a par-
ticular pathway or developmental process, why has this approach not 
been used to identify factors that function in epigenetic regulation? In 
part, the answer may lie in the lack of a robust, easily assayed epigenetic 
reporter or phenotype. Whole-mouse screens are expensive, laborious 
and lengthy, and the lack of a robust phenotype to screen makes the pro-
cess risky. Nevertheless, investigators have invested in screens designed to 
identify epigenetic regulators, and the effort seems to be working.

A recently reported ENU-based mutagenesis screen for dominant 
phenotypes showing variegated expression of a green fluorescent pro-
tein (GFP) transgene resulted in the isolation of six lines with heritable 
alterations in GFP expression46. Other epigenetic abnormalities were 
observed in these mutant lines, including defects in XCI, indicating 
that this screen for epigenetic regulatory proteins was successful. An 
ENU-based mutagenesis screen for new alleles of the ATP-dependent 
chromatin remodeler, BRG1, is also proving fruitful (S. Bultman and 
T. Magnuson, unpublished data).

On the basis of genome-wide RNAi screens in worms and flies47, we 
and others have undertaken RNAi screens to identify genes involved in 
imprinting and other developmentally regulated epigenetic processes. 
The generation of an imprinted reporter (e.g., a paternally silenced GFP 
transgene) would facilitate a relatively easy, whole-mouse mutagenesis 
screen for loss of imprinting mutations. So far, however, the derivation 
of faithfully imprinted transgenes that incorporate a sequence that is 
not normally imprinted, such as GFP, has been problematic. As large 
consortiums are formed to undertake genome-wide projects such as 
the generation of a loss-of-function mutation for every gene48, it will 
be desirable to establish relatively high-throughput assays to assess 
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Figure 2  Current assays for epigenetic analysis. Approximate cell numbers are shown below the 
red arrow and scheme of mouse development. Blue arrows represent different types of analysis and 
their relative positions indicate the approximate cell number input that current protocols require. 
3D FISHing, three-dimensional nuclear imaging combined with fluorescence in situ hybridization; 
E, embryonic day.
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epigenetic regulation. This task, however, will be difficult: given the 
wide array of proteins and modifications contributing to heritable gene 
expression, it is unlikely that any one reporter will assay more than a 
few epigenetic regulators.

Biochemical and chromatin studies
In recent years, ChIP has become the accepted approach to study the epi-
genetic state of histones in a given locus. The technique requires one to 
guess which histone modification to examine. Under the right circum-
stances, ChIP facilitates a precise and complex analysis of particular loci, 
or even of whole genomes when combined with microarray technolo-
gies. The production of specific antibodies directed against particular 
histone modifications (e.g., di- versus trimethylation of Lys9 in histone 
H3) has enabled the histone code to be elaborated and correlated with 
states of gene expression49. For example, Umlauf et al.50 have recently 
used ChIP to examine parental allele-specific histone modifications at 
the imprinted Kcnq1 domain on chromosome 7 and have determined 
that the placenta, but not the embryo, maintains imprinted gene expres-
sion exclusively through repressive histone methylation marks.

ChIP is most accurate when there is an abundance of material and 
only one cell type in the sample. For these reasons, extensive genome-
wide histone profiles can be reliably established for single-celled organ-
isms such as yeast51. Applying this approach to the mouse, however, 
has numerous potential difficulties. Although current protocols enable 
ChIP to be done on modest numbers of cells 
(>1 × 106), many epigenetic processes occur 
during early development when only a few cells 
comprise a single embryo (Fig. 1), currently 
ruling out ChIP as a reasonable approach (Fig. 
2). Even when using cells from an adult mouse, 
one needs to consider that different types of cell 
in a given tissue or organ may or may not share 
the same epigenetic profile. Another problem is 
the quantitative comparison of various histone 
modifications, because subtle differences could 
be explained by differing antibody affinities. 
Nevertheless, ChIP is a powerful way to exam-
ine whether specific histone modifications 
are present at a particular locus. Given that 
there may be as many as 150 different histone 
modifications, ChIP will remain an invaluable 
approach for epigenetic studies.

Another technique that is proving infor-
mative is chromatin conformation capture 
(3C; ref. 52 and Figs. 2 and 3). This approach 
tests whether two DNA sequences of interest 
are located near each other in vivo. Similar to 
ChIP, 3C requires a hypothesis of interact-
ing regions. In the mouse, the β-globin locus 
was the first to be examined extensively with 
3C. Using this approach, Tolhuis et al.53 have 
shown that chromatin conformation differs 
greatly between nonexpressing brain tissue 
and erythroid lineages in which β-globin is 
expressed: chromatin loops that bring together 
the β-globin locus control region and active 
genes form exclusively in tissues where the 
genes are expressed. Recently, 3C has been used 
successfully to show that allele-specific loop-
ing interactions occur at the imprinted H19 
locus54. 3C is a useful assay with which to test 

long-range chromatin interactions. In addition, technological advances 
such as high-resolution three-dimensional nuclear imaging combined 
with fluorescence in situ hybridization are beginning to facilitate analysis 
of the spatial organization of chromosomes and chromatin domains in 
the nucleus55 (Fig. 2).

Somatic cell nuclear transfer
Somatic cell nuclear transfer (SCNT) has undoubtedly attracted the 
most headlines in the popular press and continues to hold promise for 
therapeutic cloning. The successful production of cloned mice (and 
other animals) resolves some fundamental issues, the most important 
being that it is possible for the nucleus of a differentiated cell to give rise 
to a whole organism. That is, the differentiation process and all accom-
panying epigenetic alterations can be reversed, at least for some types of 
cell and at a low frequency (∼5% of transferred SCNT embryos give rise 
to live-born mice). SCNT has also been used to show that odorant recep-
tor choice in olfactory sensory neurons is epigenetically determined56,57. 
In these studies, the use of marked olfactory sensory neurons as nuclear 
donors in SCNT resulted in cloned mice that showed the wild-type range 
of odorant receptor gene expression, indicating that receptor gene choice 
is conferred by reversible changes.

Although a somatic cell nucleus can be epigenetically reprogrammed 
to produce a viable mouse, the analysis of SCNT embryos has created 
a murky picture. Cloned mice can appear normal, but they may have 
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Figure 3  Summary of protocols used in epigenome analysis. Outlined are the protocols for five common 
approaches (specified in the purple boxes at the bottom) used to examine the epigenome. Red boxes 
indicate that a hypothesis is required before experimentation (e.g., a suspected looping interaction 
or differentially methylated locus). Blue boxes indicate the discovery of previously unsuspected 
epigenetic differences (biased only by microarray platform). In bisulfite mutagenesis, genomic DNA 
is treated with sodium bisulfite, which converts unmethylated cytosines residues to uracil residues 
but leaves methylated cytosines unaltered. Subsequent PCR amplification and sequencing provide 
the methylation status of every CpG in the amplified region. In 3C analysis, crosslinked chromatin is 
digested with a restriction enzyme, religated, reverse crosslinked and then amplified by PCR using one 
primer in each suspected interacting region to assay interaction between the two segments of DNA. In 
RLGS, precise two-dimensional (2D) agarose gels of radioactively labeled methyl-sensitive restriction 
fragments facilitate comparison of cleavage fragments among different tissues (TDMs). In silico 
prediction of restriction fragment sizes identifies the TDMs, which are confirmed by DNA sequencing. 
DMR, differentially methylated region.
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both genetic and epigenetic abnormalities including inappropriate DNA 
methylation and gene expression profiles58,59. It is important to keep 
in mind that these studies can assay only epigenetic abnormalities at 
known loci. Given the inconsistency in SCNT mice that show an adverse 
phenotype60,61, it is impossible to know whether those mice that appear 
normal have epigenetic defects at other sites. SCNT is the ultimate test 
of nuclear reprogramming, and efforts to reverse epigenetic marks that 
occur through development and differentiation will continue to rely 
on this approach.

Genome-wide approaches
The complete sequencing of many organisms is facilitating the develop-
ment of genome-wide epigenetic approaches, and large consortiums are 
being established to characterize the human epigenome62. Currently, 
there are no consortiums examining the mouse epigenome that are 
comparable to those formed for the human epigenome. There are, 
however, a few European-based initiatives that integrate mouse epi-
genomics, including the Austrian GEN-AU initiative and the recently 
formed Epigenome Network of Excellence (http://www.epigenome-
noe.net/), which is designed to build more coherent European research 
areas in epigenetics. Assuming that it is possible to define an epigenome 
for a particular tissue or differentiation state, it will be invaluable to 
compare the epigenetic signatures of mouse and human (and other 
organisms) to look for conservation, as is now routinely done with 
genome sequences.

Current approaches to examine the epigenome fall into two catego-
ries: those that analyze DNA methylation and those that examine histone 
composition (Fig. 3). Although several human genome-wide methyla-
tion studies have been published63–65, few have been reported in the 
mouse. Of note is a recent study that has identified tissue-specific differ-
entially methylated regions (TDMs) using restriction landmark genome 
scanning (RLGS)66. This approach relies on a restriction enzyme that 
cleaves only unmethylated recognition sites (Fig. 3). Using this approach, 
Song et al.66 have identified 150 TDMs among liver, kidney, brain, colon, 
muscle and testis. In addition, despite the widely accepted view that CpG 
islands are unmethylated, these experiments suggest that 5% of CpG 
islands will be TDMs. The main drawback of RLGS is that it identifies 
differential methylation on the basis of the methylation status of only 
one or two CpGs in a restriction fragment; thus, many TDMs will be 
missed or misassigned. RLGS is, however, a reasonably high-throughput 
method for identifying differences in CpG methylation between two 
tissues or developmental time points and has potential for further opti-
mization. Song et al.66 also correlated gene expression with the TDMs 
identified. Such combined analyses are necessary to enhance our under-
standing of epigenetic regulation.

The most common approach to analyze CpG methylation is bisulfite 
sequencing (Figs. 2 and 3). Currently, bisulfite sequencing is the only 
routinely used assay that offers resolution of each CpG dinucleotide in a 
given region. In a pilot study for the Human Epigenome Project (http://
www.epigenome.org/), Rakyan et al.65 reported successful optimization 
for high-throughput bisulfite sequencing analysis. They examined DNA 
methylation levels in regulatory, exonic and intronic regions associated 
with 90 genes in the human major histocompatibility complex in seven 
tissues. Although the amplicons were designed to assay only defined 
regions (as opposed to the complete locus), this large-scale effort sets the 
stage for more thorough analyses. Owing to the comprehensive nature of 
the data resulting from bisulfite sequencing, this approach will undoubt-
edly be used to examine the mouse epigenome.

To assay the genome for various histone modifications, DNA iso-
lated from ChIPs can be hybridized to a microarray chip (Fig. 3). This 
‘ChIP on chip’ protocol has been widely used for various experiments 

and facilitates the discovery of histone modifications or transcription 
factor–binding sites throughout the genome. Many studies have used 
ChIP on chip to identify downstream targets of DNA-binding pro-
teins of interest, and the same approach is now being used to examine 
enrichment of histone modifications67,68. For example, using ChIP on 
chip, Bernstein et al.69 generated histone modification maps of di- and 
trimethylation of Lys4 and acetylation of Lys9 and Lys14 in histone 
H3 across the nonrepetitive portions of human chromosomes 21 and 
22, and compared methylation of Lys4 in several mouse and human 
orthologous regions. A notable observation is the conservation of his-
tone methylation sites even when the underlying nucleotide sequence 
is not highly conserved between the two species. Another study using 
ChIP to define maps of repressive histone lysine methylation for repeti-
tive elements across four mouse epigenomes has suggested that tandem 
repeats and double-stranded RNA function as triggers for more stable 
chromatin imprints70. These types of analysis will increase our under-
standing of epigenome organization and function.

In addition to the technical aspects of ChIP, another consideration of 
ChIP on chip is the need to amplify the immunopurified DNA before 
hybridization, an experimental detail that has many different protocols, 
each with its own benefits and caveats.  Until recently, ChIP on chip 
studies have been biased as they are limited by the microarray design 
(generally limited to cDNAs, promoters and 5′ sequences of known 
genes only). Advances in microarray technology are now allowing much 
higher density oligonucleotide arrays to be made that contain perhaps 
as many as 6,000,000 features per chip71. These DNA ‘tiling’ arrays will 
facilitate an unbiased assessment of the whole genome.

In addition to ensuring complete coverage, the short overlapping 
oligonucleotides (25–60 bases) used in tiling arrays permit relatively 
fine mapping of observed hybridization differences, although, as in 
any ChIP on chip experiment, resolution is limited largely by the size 
of crosslinked fragments (generally 500–1,000 bp). Not only do tiling 
arrays hold promise for advancing ChIP on chip techniques, they are 
already being applied to other genome-wide epigenetic analyses71. For 
example, they have been used to examine the transcriptional profile of 
all nonrepetitive DNA in the human genome72. Bertone et al.72 report 
that many intergenic sequences are transcribed. These findings are simi-
lar to other recent results in human, rice and Arabidopsis thaliana73–75, 
indicating that there is as much as ten times more transcribed sequence 
than was previously identified by expressed sequence tag sequencing 
and gene prediction algorithms, suggesting that our current under-
standing of the transcriptome is far from complete.

Defining normal: the epigeneticist’s toolbox
Regardless of the approach used, there is an inherent problem in any 
attempt to characterize the epigenome. What is the ground state? Is 
there a tissue type or developmental time point that should be used 
to determine what is different about the epigenome in the tissue or 
individual being studied? In theory, such a tissue or time point would 
represent the ‘totipotent’ state. The appropriate stage corresponding to 
this state may be the two-cell embryo immediately after the early wave 
of active demethylation (Fig. 1). By all measures, two-cell blastomeres 
are still totipotent and theoretically have not yet acquired epigenetic 
differences. Thus, these cells could act as the epigenetic template on 
which to overlay findings from tissue- or lineage-specific studies.

Comparison of a differentiated state to a totipotent state would 
facilitate an understanding of what epigenetic changes have occurred 
along a given developmental pathway. In addition, comparing two dif-
ferentiated states to each other, as well as to the totipotent two-cell 
epigenome, would identify differences between the two that have been 
acquired specifically in one lineage but not the other. To understand 
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what epigenetic changes contribute to disease states, we must first iden-
tify the battery of modifications that normally defines each tissue type. A 
chief obstacle, however, is that most of the approaches discussed above 
require large amounts of starting material. Although it is not currently 
possible, applying these genome-wide techniques to early embryos will 
be facilitated by technological advances that require smaller amounts 
of input material (Fig. 2).

Assuming that epigenetic technologies advance at a rate similar to that 
of DNA sequencing in the past 10 years, it is easy to imagine the next 
era of epigenomic analysis. With refined protocols and more efficient 
techniques, we may be able to take one sample and obtain a transcrip-
tion profile, a genomic methylation profile and a genome-wide map of 
histone modifications. When this is possible, the combined information 
from these various approaches will provide a comprehensive view of 
the epigenome from any sample. As increasing amounts of epigenetic 
data accrue, there will be a need to overlay these different types of data. 
Ideally, it will be possible to view and to compare easily the various 
epigenetic modifications that occur at a given locus in different tis-
sues and at distinct developmental time points. Here again, it is likely 
that tools for the mouse epigenome will follow models that have been 
initiated by the Encyclopedia of DNA Elements (http://www.genome.
gov/encode/), Human Epigenome Project and Epigenome Network of 
Excellence and current genome browsers (e.g., Ensembl and National 
Center for Biotechnology Information).

What will be the next wave of functional epigenetic analysis? Because 
many of the genes known to be involved in these processes produce 
embryonic lethal phenotypes when deleted, a more subtle approach 
may be required. The development of conditional transgenic RNAi has 
much to offer in this regard. Work from our laboratory has shown that 
RNAi transgenic lines have target RNA levels that vary widely from 1% 
to 100% of wild-type levels, probably due to transgene copy number and 
position effects at the integration sites (ref. 41 and K.J. Reese & M.S.B., 
unpublished data). It would therefore be possible to generate ‘epigeneti-
cally sensitive’ lines of mice that are knocked-down for several epigenetic 
regulatory proteins (e.g., 25% DNMT, 25% histone methyltransferase 
and 25% MBD activity). Various combinations of knock-down alleles 
may uncover phenotypes that are due to interactions among these pro-
teins or the modifications that they confer. In addition, comparing the 
epigenomic profiles from various knock-down combinations may elu-
cidate hierarchies and redundancies among epigenetic modifications. 
Such sensitized lines may also provide a suitable background on which to 
examine other candidate epigenetic regulatory genes by circumventing 
functional redundancies.

Much of the current excitement surrounding epigenomics is due to 
the strong epigenetic phenotypes of many human disease states. If our 
goal is to model human conditions in the mouse, then we need a two-
pronged comprehensive approach: a thorough knowledge of normally 
occurring epigenetic modifications (genome-wide observation), coupled 
with functional epigenetic annotation of the genome (whole-animal 
loss-of-function or RNAi studies), which will enable us to identify and to 
understand epigenetic abnormalities that contribute to disease states.
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