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Abstract

The differentiation of intestinal stem cells involves
few DNA methylation changes, assayed by bisulfite
sequencing, in contrast to other adult somatic stem
cell hierarchies.
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DNA methylation and its influence upon cell fate

DNA methylation at CpG dinucleotides 1is the
prototypical mode of epigenetic regulation, enabling
stable but reversible gene repression. DNA methylation is
highly dynamic in early embryonic development, with a
near-complete erasure after fertilization, followed by a
wave of de novo methylation around the time of implan-
tation. As development progresses and lineage choice
decisions are made, many loci undergo cell-type-specific
DNA methylation changes, as the chosen gene expression
programs are fixed [1]. Thereafter, DNA methylation is
thought to be highly stable, except during oncogenic
transformation, where methylation is well known to be
highly aberrant [2]. With the current surge of interest in
stem cell biology, the question arises as to how, and to
what degree, DNA methylation during stem cell differ-
entiation can influence lineage fate decisions, which
represent developmental decisions that continue to occur
throughout adult life. Understanding how DNA methyla-
tion changes between somatic progenitors and their
progeny could lend insight into the mechanisms of
development and epigenetic regulation. With the advent
of large-scale, genome-wide bisulfite sequencing, the
generation of DNA methylation profiles of purified cell
populations at single-base resolution has been facilitated.
A study by Kaaij et al. in this issue of Genome Biology [3]
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is the first to examine at high resolution the methylation
changes that take place during the differentiation of
intestinal stem cells (ISCs), a well-characterized somatic
stem cell population.

Paucity of methylation changes found between
intestinal stem cells and their progeny

Utilizing a transgenic green fluorescent protein (GFP)
mouse line that fluorescently labels the ISC population
and its downstream progeny with graded levels of
fluorescence [4], Kaaij et al. [3] isolated ISCs as GFPh
(stem cells in the base of the intestinal crypt), transit
amplifying cells as GFP*¥ (rapidly dividing cells moving
up the intestinal crypt), and terminally differentiated
(villus) populations in order to capture the differentiation
hierarchy. Whole-genome bisulfite sequencing (WGBS)
was then performed on each of the three isolated
intestinal cell populations. The generation of this dataset
alone is significant, as genome-wide studies to deduce
the impact of DNA methylation on normal differentiation
of adult somatic tissue systems are relatively recent and
few in number [5-7].

Surprisingly, WGBS revealed only minor alterations in
DNA methylation during the differentiation from an ISC
to the mature progeny of the intestinal villus. Of the few
differentially methylated regions (DMRs) observed
during differentiation, most were in loci identified by
histone marks as gene-regulatory domains, specifically
enhancers. The vast majority of these DMRs (43/50) were
found to lose methylation during differentiation. The
authors confirmed that a number of the hypomethylated
DMRs physically interact with genes upregulated upon
differentiation, suggesting that there is a mechanistic link
between altering DNA methylation status and the pro-
gression of differentiation. The remaining seven DMRs
exhibited hypermethylation upon differentiation, but
these shifts did not correlate with changes in gene
expression. These findings, combined with the observed
low expression of the de novo DNA methyltransferases
(Dnmt3a and Dnmt3b) in ISCs, led the authors to
propose that de novo DNA methylation is not relevant in
ISC differentiation.
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Increased DNA methylation dynamics observed in
other stem cell populations

The limited number and direction of DNA methylation
changes that Kaaij et al. observed were unexpected in the
context of previous studies on embryonic stem cell (ESC)
and somatic progenitor cell differentiation. In a study of
genome-wide DNA methylation changes of ESCs under-
going differentiation to neural progenitor cells (NPCs) in
vitro, the majority of CpGs with differential methylation
gained methylation, with approximately 8% of CpGs
gaining and only approximately 2% of CpGs losing
methylation; this suggests active de novo methylation
activity during ESC differentiation [8].

In the mouse hematopoietic system, which has a well-
described hierarchy of stem, progenitor and differentiated
cells, relatively homogenous cell populations can be
purified and analyzed for their methylation patterns. In
recent studies using reduced representation bisulfite
sequencing (RRBS) or comprehensive high-throughput
arrays for relative methylation (CHARM), hematopoietic
progenitors and their differentiated progeny were found
to exhibit a large degree of differential methylation,
which correlated with lineage-specific gene expression
changes [5,6]. In addition, application of WGBS to human
hematopoietic progenitors showed that they possess
partially methylated regions, believed to be similar in
function to poised bivalent domains in ESCs. These sites
of intermediate methylation were then found to either
gain or lose methylation in B cells, and vice versa in
neutrophils, suggesting that the DNA methylation
changes were lineage specific [7]. Moreover, a role for de
novo methylation during hematopoietic stem cell (HSC)
differentiation was directly shown using conditional
knockout mice, in which the differentiation of Dnmt3a-
mutant HSCs was significantly impeded after bone
marrow transplantation. RRBS analysis showed that
Dnmt3a functions, at least in part, to ensure the stem cell
program is shut down during differentiation [9].

While not all of the above-described studies used
highly purified populations, and the resolution of the
methylation profiling could be improved, the overall
message that hematopoietic differentiation is accompa-
nied by dynamic methylation changes is likely to prevail.
Additionally, DNA methylation changes accompanying
somatic stem cell differentiation are not limited to the
hematopoietic system, but have been readily found
within the skin lineage differentiation program. RRBS
analysis of skin progenitors and their mature progeny
identified over 1,700 DMRs that either gained (269
regions) or lost (1487 regions) methylation during differ-
entiation [5]. This is quite distinct from the very limited
changes in the intestine reported by Kaaij and colleagues.
Furthermore, the previously described RRBS analysis of
in vivo hematopoietic and skin progenitors and their
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progeny found a number of shared DMRs that either
gained (258) or lost (248) methylation during differen-
tiation [5] that was significantly larger than the total
number of DMRs found during ISC differentiation (50)
[3]. A number of these shared DMRs were characterized
by both open chromatin signatures and DNAase-
hypersensitive sites found in other lineages (brain, heart
and kidney), leading to a prediction of shared epigenetic
regulatory patterns between somatic stem cell popula-
tions undergoing differentiation [5]. While the possibility
of such overarching patterns is enticing, further
characterization of other somatic stem cell populations at
high resolution and stem cell purity is still required.
Studies at a depth comparable to that of this article will
be necessary to make such generalizations confidently.

Are there additional roles for DNA methylation in
intestinal differentiation?

This study by Kaaij et al. [3] stands out as one of few to
examine genome-wide DNA methylation changes in
normal cells directly isolated from fresh tissue as opposed
to after in vitro culture. This approach avoids the
potentially confounding result of aberrant DNA methyla-
tion from in vitro culture, which has been shown to lead
to gradual hypermethylation [8]. With such a tiny
number of identified methylation changes, however, one
has to conjecture whether the authors could have missed
something. One potential caveat is in the approach the
authors used to isolate intestinal cell populations, which
might lead to some heterogeneity in the cell populations
examined. While GFP"e" cells in this transgenic mouse
have been shown to represent pure stem cell populations
[4], there is a greater degree of heterogeneity within the
villus-defined population. The villus, while comprising
primarily absorptive enterocytes (approximately 90%),
also contains mucosecreting goblet cells and various
subtypes of enteroendocrine cells (approximately 1%)
[10]. This heterogeneity could possibly dampen the ability
to identify subtle methylation differences among the cell
populations analyzed, but is unlikely to change the overall
conclusions.

In addition, the authors posit that, owing to both low
expression of de novo methyltransferases (Dnmt3a and
Dnmt3b) and the predominance of hypomethylated DMRSs,
active de novo methylation might not serve an important
role in differentiation of the small intestine. Could DNA
methylation changes, however, influence the decision
between secretory or absorptive cell types, similar to the
influence DNA methylation has on myeloid versus
lymphoid fate decisions [6,7]? In addition, the analysis of
adult intestinal somatic stem cell differentiation does not
preclude a possible role for de novo DNA methylation
earlier in intestinal development. It might be worthwhile
examining both methylation and gene expression changes
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between purified, mature intestinal cell populations
sourced at different developmental time-points to
address these questions.

Overall, this study is a valuable addition to the growing
body of data uncovering roles for DNA methylation in
the differentiation of known normal somatic stem cells.
With some similarities, but more differences, to other
somatic stem cell populations previously studied, future
studies will be needed to discern whether common epi-
genetic changes during somatic stem cell differentiation
exist, and to test how such distinctions influence the
specific differentiation process of the stem cells of each
tissue system.
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