
RESEARCH Open Access

Postnatal epigenetic regulation of intestinal
stem cells requires DNA methylation and is
guided by the microbiome
Da-Hai Yu1, Manasi Gadkari1, Quan Zhou1, Shiyan Yu2, Nan Gao2, Yongtao Guan1,3, Deborah Schady4,

Tony N. Roshan1, Miao-Hsueh Chen1, Eleonora Laritsky1, Zhongqi Ge5, Hui Wang5, Rui Chen5, Caroline Westwater6,

Lynn Bry7, Robert A. Waterland1,3, Chelsea Moriarty1, Cindy Hwang1, Alton G. Swennes8, Sean R. Moore9

and Lanlan Shen1*

Abstract

Background: DNA methylation is an epigenetic mechanism central to development and maintenance of complex

mammalian tissues, but our understanding of its role in intestinal development is limited.

Results: We use whole genome bisulfite sequencing, and find that differentiation of mouse colonic intestinal stem

cells to intestinal epithelium is not associated with major changes in DNA methylation. However, we detect

extensive dynamic epigenetic changes in intestinal stem cells and their progeny during the suckling period,

suggesting postnatal epigenetic development in this stem cell population. We find that postnatal DNA methylation

increases at 3′ CpG islands (CGIs) correlate with transcriptional activation of glycosylation genes responsible for

intestinal maturation. To directly test whether 3′ CGI methylation regulates transcription, we conditionally disrupted

two major DNA methyltransferases, Dnmt1 or Dnmt3a, in fetal and adult intestine. Deficiency of Dnmt1 causes

severe intestinal abnormalities in neonates and disrupts crypt homeostasis in adults, whereas Dnmt3a loss was

compatible with intestinal development. These studies reveal that 3′ CGI methylation is functionally involved in the

regulation of transcriptional activation in vivo, and that Dnmt1 is a critical regulator of postnatal epigenetic changes

in intestinal stem cells. Finally, we show that postnatal 3′ CGI methylation and associated gene activation in

intestinal epithelial cells are significantly altered by germ-free conditions.

Conclusions: Our results demonstrate that the suckling period is critical for epigenetic development of intestinal

stem cells, with potential important implications for lifelong gut health, and that the gut microbiome guides and/or

facilitates these postnatal epigenetic processes.

Background
The ontogeny of mammalian intestinal development en-

compasses three distinct phases: morphogenesis and cy-

todifferentiation during late gestation, the shift from

intra- to extra-uterine environment at birth, and the

transition from an exclusively milk diet rich in fat to a

solid diet rich in carbohydrates at weaning. To meet the

increased environmental and nutritional demands after

birth, early postnatal life is a critical period during which

the proliferative units of the intestinal epithelium known

as crypts of Lieberkühn undergo extensive structural

and functional maturation [1]. The intricate morphology,

cellular composition and turnover rate of intestinal

crypts are all controlled by multipotent intestinal stem

cells (ISCs) located at the base of flask-shaped mucosal

invaginations [2]. ISCs therefore constitute the ‘control

center’ that regulates lifelong intestinal health and dis-

ease. Remarkably, however, while it has long been known

that postnatal intestinal development is characterized by

rapid growth and changes in brush border digestive

functions [3], our understanding of postnatal develop-

ment of ISCs is limited.* Correspondence: Lanlan.Shen@bcm.edu
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Recent technological developments enable the identifi-

cation and isolation of live ISCs with high purity. Lgr5+

cells from mouse intestinal crypts were functionally vali-

dated as bona fide ISCs by lineage tracing studies [4].

With the sophistication of genetic studies that allow

gene ablation in Lgr5+ ISCs, we are developing a broader

appreciation of signaling pathways and transcriptional

factors that control their early cell fate decisions [5]. Al-

though the role of epigenetics in intestinal development

has gained more attention recently [6–10], we still know

little about the fundamental epigenetic mechanisms that

control the origin, identity, and behavior of ISCs during

development.

DNA methylation of cytosine in CpG dinucleotides is

a well-established epigenetic mechanism critical for mam-

malian development. CpG density is extensively depleted

in the mammalian genome; however, about 1 % of the

genome escaped this CpG depletion, resulting in scattered

regions of high CpG density termed CpG islands (CGIs).

Interestingly, whereas most CpGs in the genome are

methylated, significantly less methylation is observed at

CGIs. CGI methylation appears to target specific regions

such as promoters of X-linked genes on the inactive X

chromosome in females, genomically imprinted loci, and

genes associated with tissue-specific expression [11,

12]. Although DNA methylation is widely viewed as

an epigenetic mark for gene silencing, we recently

discovered that methylation at non-promoter CGIs,

particularly at the 3′ end of genes, promotes human

gene activation through a CTCF-dependent enhancer-

blocking mechanism [13], underscoring the need for

unbiased methods to study epigenetic regulation by

DNA methylation during development.

The ontogenic periods, when developmentally pro-

grammed DNA methylation is being established, are

vulnerable to environmental influences [14]. DNA

methylation requires enzymes, DNA methyltransfer-

ases (DNMTs), and nutrition-dependent metabolic

pathways that supply methyl groups [15–17]. It has

become clear that postnatal establishment of gut

microbiota plays a key role in several aspects of intes-

tinal physiology, including morphological features

[18, 19], altered glycosylation patterns [20–22], and

stem cell activity [23–26]. Further, the intestinal

microbiota has the capacity to produce folate and a

variety of vitamins (i.e., B12 and B6) affecting host

one-carbon metabolism [27, 28]. This is important be-

cause mammals are incapable of synthesizing folate

and other B vitamins (which act as methyl donors

and cofactors in biological methylation reactions) so

they have to be obtained exogenously from diet and

intestinal bacteria. Until now, little is known about the im-

pact of gut microbiome on the host epigenome. In adult in-

testinal epithelial cells, methylation of the Toll-like receptor

gene TLR4 depends on intestinal commensal bacteria [29,

30], and DNA methylation in blood is associated with

microbiota composition during pregnancy [31]. No previ-

ous studies, however, have examined how the early postna-

tal microbiome affects developmental epigenetics in host

ISCs.

Here, employing genome-wide approaches, we show

that ISCs undergo dynamic postnatal epigenetic changes

during the suckling period. Using genetic approaches

that permit conditional and inducible inactivation of

Dnmts, we provide evidence that Dnmt1 regulates post-

natal epigenetic mechanisms, with a major impact on

ISC function in both neonatal and adult intestine. Fi-

nally, we demonstrate that the postnatal gut microbiome

is required to guide and/or enable these postnatal epi-

genetic processes.

Results

The DNA methylome changes more during postnatal ISC

maturation than during differentiation of ISCs

We focused mainly on ISCs from the colon since this re-

gion of the gut is the primary site of several human dis-

eases, including inflammatory bowel disease and cancer.

Although Lgr5+ cells are known to exhibit stem cell

properties before birth and drive the dynamics of devel-

oping crypts in the small intestine [32], their ontogeny has

not been examined in the developing colon. We,

therefore, characterized the temporal emergence of

Lgr5+ colonic ISCs by fluorescence activated cell sort-

ing (FACS) at embryonic and fetal stages using

knock-in Lgr5-EGFP-CreER mice [4]. Lgr5-EGFP+ co-

lonic ISCs are detectable at embryonic day 14.5

(E14.5) and become an appreciable subpopulation by

E18.5 (Additional file 1: Figure S1).

To determine whether the ISC population undergoes

epigenetic changes during early postnatal life, we per-

formed unbiased DNA methylation mapping by whole-

genome bisulfite sequencing (WGBS) [33] in Lgr5-EGFP
+ colonic ISCs at birth [postnatal day 0 (P0)] and at the

end of the suckling period (P21). Since colonic ISCs are

continually undergoing differentiation to replace the

short-lived population of differentiated epithelial cells, we

analyzed the DNA methylomes of sorted epithelial cell ad-

hesion molecule (EpCAM)-positive and Lgr5-enhanced

green fluorescent protein (EGFP)-negative population (the

descendants of ISCs) [34–36] to identify DNA methyla-

tion changes that correlate with differentiation (differenti-

ated cells versus ISCs). We found that at both ages, global

methylation levels were significantly lower in differenti-

ated cells relative to ISCs (P < 0.0001; Additional file 1:

Figure S2). Across the 25 million CpG sites analyzed,

average CpG methylation levels were 73.9 % and 70.3 %

at P0, and 73.1 % and 70.0 % at P21, for ISCs and differ-

entiated cells, respectively. We compared specific
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genomic regions that underwent methylation changes

either during maturation from P0 to P21 [maturation-

associated differentially methylated regions (mDMRs)]

or during differentiation from ISCs to epithelial cells

[differentiation-associated differentially methylated re-

gions (dDMRs)]. Our analysis revealed that there are

more mDMRs than dDMRs, particularly at CGI-

associated genomic regions (Fig. 1a). Interestingly, at

non-CGIs, mDMRs frequently lose methylation, but at

CGIs, mDMRs predominantly gain methylation (Fig. 1a).

There was no significant enrichments of a gene region

for non-CGI associated DMRs as compared to known

genes, regardless of mDMR or dDMR, methylation

gains or losses (Fig. 1b). The pattern was com-

pletely different, however, at CGI-associated mDMRs;

methylation gains at CGI mDMRs were strongly as-

sociated with the gene body (introns and exons, ex-

cluding the first and last exons) and 3′ end of genes

(last exon and 3′ UTR) (Fig. 1b). Together, these re-

sults demonstrate that changes in genomic DNA

methylation patterns are more dynamic during post-

natal ISC maturation than during differentiation of

ISCs to epithelial cells.

3′ CGI-associated mDMRs are functionally implicated in

development and intestinal maturation

To evaluate the functional significance of mDMRs, we

performed DAVID Gene Ontology (GO) analyses to

identify statistically overrepresented biological processes

(see Additional file 2: Tables S1 and S2 for lists of CGI

and non-CGI mDMR genes). This analysis revealed mul-

tiple developmental processes significantly associated

with mDMR genes showing methylation gains at non-

promoter CGIs (Additional file 2: Table S3 contains a list

of all significantly enriched GO terms). For example,

genes with mDMRs in the gene body or 3′ CGI are

enriched for embryonic organ development, intracellular

signaling cascade, regulation of transcription, and cell

morphogenesis involved in differentiation (Additional

file 1: Figure S3). Of particular interest is the glycosphin-

golipid biosynthetic process, which is intimately linked

to intestinal maturation by modulating mucus barrier

function; glycosphingolipids may additionally modulate

receptors for toxins, virus, and bacteria [37, 38]. Indeed,

a careful examination of the gene list revealed a cluster

of 3′ CGI genes responsible for glycan biosynthesis,

including glycosidase (Net37), glycosyltransferases

(A3galt2, B4galnt1, B4galnt4, and Gal3st1) and other

related enzymes (Fkrp and Phospho1). When we com-

pared the gene lists for 3′ CGI-associated mDMRs in

ISCs and their differentiated progeny during the suck-

ling period, we found, as expected, that most (60 %)

of the mDMR genes in differentiated cells are found

in ISCs (Additional file 1: Figure S4a). Since

differentiated cells are more exposed to the intestinal

lumen than are the ISCs in the crypts, mDMRs

unique to differentiated cells may reflect responses to

the very different luminal environment at P21 relative

to P0. Not surprisingly, only 7 % (41/517) of mDMR

genes in the differentiated cells overlap with P21

dDMR genes.

Methylation gains at 3′ CGIs of glycosylation genes

correlate tightly with transcriptional activation in the

developing ISCs

To gain insight into the function of the methylation

changes at mDMRs, we used RNA-Seq to comprehensively

examine the relationship between ISC mDMRs and gene

expression. We found that 3′ CGI methylation was posi-

tively correlated with gene expression (Additional file 1:

Figure S4b), suggesting that postnatal establishment of

DNA methylation in ISCs plays a functional role in intes-

tinal maturation. To validate our genome-wide results, we

focused on ten candidate genes, including five with

mDMRs at non-CGIs and five with mDMRs at CGIs. All

the non-CGI mDMR genes (Rnf43, Zbtb22, Fam109a,

Adamtsl5, and Mif) showed DNA methylation loss in the

ISCs during the suckling period. They were selected be-

cause their mDMRs are proximal to CGIs, in regions

known as CGI shores, which have been shown to exhibit

tissue-specific methylation correlated with gene expres-

sion [39]. Notably, Rnf43 is a stem cell E3 ligase which

acts as a negative regulator of Wnt signaling [40]. All the

CGI mDMR genes (B4galnt1, Net37, Lpar5, Fkrp, and

Phospho1) showed gain of methylation during ISC devel-

opment. Among them, four (B4galnt1, Net37, Fkrp, and

Phospho1) encode enzymes that affect glycosylation, and

one (Lpar5) is involved in sodium and water absorption in

the intestine [41].

To assess the correlation between DNA methylation

and gene expression over an extended time-series, we

analyzed DNA methylation and gene expression quanti-

tatively in both ISCs and differentiated epithelial cells at

E18.5, P0, P21, P100 (young adult), and P300 (old adult).

In all cases, the results (Fig. 2) not only confirmed our

WGBS findings but also demonstrated that ISC epigen-

etic regulation extends beyond the suckling period.

Interestingly, we found no significant correlation be-

tween methylation changes at non-CGI genes and gene

expression during the suckling period, but over the ex-

tended time course, expression increases lagged behind

methylation decreases (Fig. 2a; Additional file 2: Table

S4). Conversely, at all five of the 3′ CGI genes examined

we found a positive temporal correlation between 3′

CGI methylation and transcriptional activation across

development (Fig. 2b; Additional file 2: Table S4). To

study at higher resolution the developmental dynamics

of DNA methylation in these regions, we performed
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methylation analysis of 3′ CGI genes at P4, P7, P11, P16,

and P18. The 3′ CGI methylation increases for several

glycosylation genes (B4galnt1, Net37, and Fkrp) were

most dramatic during the first week of postnatal life

(Additional file 1: Figure S5), suggesting that some de-

velopmental signal coincident with parturition drives

Fig. 1 Unbiased analysis of DNA methylomes in colonic ISCs and their progeny during the suckling period. a Numbers of DMRs identified from

the comparisons between either developmental stages (mDMRs, left) or differentiation states (dDMRs, right). Analyses were based on the

association of DMRs with non-CGIs (top), and with CGIs (bottom). Black bars indicate methylation gains and white bars indicate methylation losses.

b Distribution of mDMRs or dDMRs relative to gene region categories based on RefSeq annotation of all known genes. CGI-associated mDMRs

are enriched in the gene body and 3′ end
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these changes. Most importantly, the nearly identical

DNA methylation dynamics in ISCs and differentiated

epithelial cells, from fetal to adult life (Fig. 2a, b), further

support the conclusion from our genome-wide analyses

that differentiation of ISCs does not entail widespread

changes in DNA methylation.

DNMT1-mediated DNA methylation is essential for

postnatal intestinal development

To further address the functional role of DNA methylation

in intestinal development, we performed genetic studies by

targeting genes responsible for the establishment and

maintenance of DNA methylation. Dnmt3a and Dnmt3b

are known as de novo methyltransferases (to establish

methylation patterns during development) and Dnmt1 is

considered a maintenance methyltransferase (to propagate

established methylation patterns in daughter cells during

mitosis) [42]. By examining the mRNA expression patterns

of these three Dnmts from P0 to P300, we found that

Dnmt3b expression is essentially undetectable in either

ISCs or differentiated epithelial cells (Fig. 3a, green lines).

Dnmt3a expression is intermediate and relatively constant

(Fig. 3a, red lines), whereas Dnmt1 expression is the stron-

gest in both ISCs and differentiated epithelial cells and

Fig. 2 Temporal analysis of both DNA methylation and gene expression at identified candidate genes. a Non-CGI mDMR genes undergoing

developmental loss of methylation. b 3′ CGI mDMR genes undergoing developmental gain of methylation. The suckling period is highlighted in

gray. For each gene, exon–intron structure (including isoforms) and CpG map are shown on the top. Thin blue bars represent the 5′ or 3′ UTRs

and thick blue boxes represent coding exons. Each vertical line represents a CpG site and green bars indicate CGIs. Red dotted boxes indicate the

regions analyzed for CpG methylation. The gene expression is relative to β-actin. Error bars represent standard error of the mean of three to five

biological replicates

Yu et al. Genome Biology  (2015) 16:211 Page 5 of 16



Fig. 3 (See legend on next page.)
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increases progressively with age (Fig. 3a, blue lines). Based

on these results, we focused our functional analyses on

Dnmt3a and Dnmt1. We derived Dnmt3af/f; Villin-Cre

and Dnmt1f/f; Villin-Cre mouse lines to ablate individual

Dnmt genes in an intestinal epithelial cell-specific fashion.

In both Dnmt3a and Dnmt1 homozygous mutant mice,

we detected a nearly 90 % reduction in Dnmt3a and

Dnmt1 expression in neonatal intestines, respectively

(Fig. 3b; Additional file 1: Figure S6). At P0, Dnmt3a and

Dnmt1 homozygous mutant pups were indistinguishable

from their control littermates in terms of body weight and

gross appearance. By P7, however, Dnmt1 homozygous

mutant mice showed significantly reduced body weight

and shortened intestinal length compared with their litter-

mate controls (Fig. 3c). Most (~80 %) of Dnmt1 homozy-

gous mutant mice died around the time of weaning (P21).

Survivors had crypts containing cells that had escaped

Dnmt1 deletion. In contrast to the Dnmt1 mutants, no ob-

vious changes were detected in Dnmt3a homozygous mu-

tant mice (Additional file 1: Figure S7). To better

characterize the postnatal lethal phenotype of Dnmt1 mu-

tants, we performed histological and immunohistochemi-

cal analyses. These demonstrated that at P7, loss of Dnmt1

results in morphological changes characterized by villus-

atrophy and vacuolated cells in both small intestine

(Additional file 1: Figure S8) and colon (Fig. 3d). In

addition, the Dnmt1 mutant colons showed fewer goblet

cells (indicated by Alcian blue staining), and a decrease in

Ki-67+ proliferative cells (Fig. 3d). These alterations were

not apparent at P0 or P3 (Additional file 1: Figure S9), indi-

cating that the observed epithelial deterioration occurs

postnatally. Notably, signs of severe mucosal damage, in-

cluding epithelial pseudostratification and adenoma-like le-

sions, were occasionally observed in P7–P21 Dnmt1

homozygous mutant mice (scored by pathologist; Add-

itional file 1: Figure S8b). These histopathological changes

potentially indicate indirect consequences of epithelial in-

jury or inflammation.

To investigate the direct impact of Dnmt loss on postnatal

epigenetic regulation of gene expression, we focused on the

five previously characterized 3′ CGI mDMRs, and per-

formed quantitative analyses of DNA methylation and gene

expression in colonic epithelial cells at P7. Dnmt3a deletion

caused significant methylation decreases for B4galnt1, Net37,

and Lpar5 (Fig. 3e; Additional file 1: Figure S10), but

these were only modestly associated with expression

(Fig. 3f ). Dnmt1 deletion, however, resulted in greater

methylation decreases in four of the five genes

(Fig. 3e; Additional file 1: Figure S10), causing stron-

ger changes in expression (Fig. 3e). In all cases, loss

of methylation was correlated with reduced expres-

sion, consistent with the notion that 3′ CGI methyla-

tion acts as a transcriptional activator. For Net37, the

degree of expressional reduction far exceeded the al-

teration of methylation, reflecting broader impact of

Dnmt1 loss on additional regulatory regions, consist-

ent with previous observations [7, 9]. Together, these

results suggest a regulatory function of 3′ CGI

methylation in postnatal mouse intestinal develop-

ment, providing the first in vivo evidence to support

the involvement of Dnmt1 in controlling postnatal

epigenetic regulation and epithelial maturation.

Dnmt1-mediated DNA methylation is required for the

control of adult ISC homeostasis

The data above on pan-intestinal epithelial cell deletion

(by Villin-Cre) raised an intriguing possibility that

Dnmt1-mediated postnatal epigenetic mechanisms could

be involved in the regulation of adult ISC function. To

test this, we derived a Dnmt1f/f; Lgr5-EGFP-CreER

mouse line, in which deletion of Dnmt1 can be induced

in adult ISCs by tamoxifen (referred to hereafter as

Dnmt1ISCKO). We used two types of controls: the Dnmt-

wild type; Lgr5-EGFP-CreER mice with the same tamoxi-

fen treatment, and the Dnmt1f/f; Lgr5-EGFP-CreER mice

without tamoxifen treatment. Based on real-time RT-

PCR analysis of Dnmt1 expression in Lgr5-EGFP+ cells,

we estimated that tamoxifen treatment induces around

80 % ablation of Dnmt1 in both small intestine and

colon (Fig. 4a). Using confocal immunofluorescent ana-

lyses for Dnmt1 and EGFP, we analyzed Dnmt1 protein

expression in Lgr5+ crypt-based columnar (CBC) cells.

Tamoxifen-injected wild-type control mice strongly

expressed Dnmt1 in the Lgr5-EGFP+ CBCs (white ar-

rowheads, top panel in Fig. 4b). Expression of Dnmt1

was also detected in villus epithelial cells, consistent with

our previous real-time RT-PCR results (Fig. 3a). In small

intestines of Dnmt1ISCKO mice, co-staining of EGFP and

(See figure on previous page.)

Fig. 3 Deletion of Dnmt3a or Dnmt1 in developing intestine. a mRNA expression analysis of three Dnmts in Lgr5+ ISCs and differentiated

epithelial cells at various postnatal ages. b mRNA expression analysis confirms efficient epithelial cell specific ablation of Dnmt3a (left, by 90 %) or

Dnmt1 (right, by 95 %) in homozygous mutant mice. c Villin-Cre mediated Dnmt1 deletion caused significant reductions in body weight (left) and

intestinal length (right) at P7. d Immuno-histochemical staining for Dnmt1, Alcian blue and Ki-67 showed blunted villi, reduced goblet cells, and

decreased proliferative cells in the colons of Dnmt1f/f; Villin-Cre mice. Scale bars, 100 μm. DNA methylation (e) and gene expression (f) analysis of

3′ CGI-associated genes in the colonic intestinal epithelium collected from Dnmt3a and Dnmt1 homozygous mutant mice at P7, compared with

control littermates. Error bars represent standard error of the mean of at least three replicate

experiments. *P < 0.05, **P < 0.01, and ***P < 0.001 versus control (two-sided t test)
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Dnmt1 showed decreased Dnmt1 expression in Lgr5-

EGFP+ ISCs (solid line marks the mutant crypt, Fig. 4b).

It is known that Cre recombinase is expressed mosai-

cally in the intestinal epithelium of Lgr5-EGFP-CreER

mice [4]. Indeed, in the same Dnmt1ISCKO mice, some

Lgr5-EGFP-negative crypts, which are Dnmt1 wild type

as a result of no recombination, retained strong Dnmt1

staining (dotted line circles the wild-type crypt with

white arrowheads pointing to the Dnmt1+ cells, Fig. 4b,

bottom panel). Similar mosaic deletion patterns were ob-

served in colons of Dnmt1ISCKO mice (solid circles indicate

mutant crypts, and dashed circles indicate wild-type

crypts with arrowheads pointing to Dnmt1+ cells, Fig. 4c).

Therefore, our RT-PCR and immunostaining results for

Lgr5+ cells suggest efficient but incomplete ablation of

Dnmt1 from the adult ISCs. Notably, compared with the

well-defined triangle shapes of wild-type CBCs (arrow-

heads in Fig. 4b), mutant CBCs in Dnmt1ISCKO mouse

Fig. 4 Deletion of Dnmt1 in adult ISCs alters crypt homeostasis and postnatal epigenetic regulation. a mRNA expression analysis confirms

decreased expression of Dnmt1 in Lgr5-EGFP+ ISCs isolated from Dnmt1ISCKO mice, in both small intestine (SI) and colon. TAM tamoxifen, WT wild

type. b Immunofluorescent analysis of ISCs (EGFP, green), Dnmt1 (red), and nuclei (Topro-3, blue) in small intestine crypts. In tamoxifen-treated

control (Dnmt-wild type; Lgr5-EGFP-CreER) mice (top panel), dotted lines mark crypts, and ISCs (green) show strong Dnmt1 staining (indicated by

white arrowheads). In Dnmt1ISCKO mice (bottom panel), the Lgr5-EGFP+ mutant crypt (outlined by solid line) shows decreased Dnmt1 staining and

aggregation of CBCs, whereas an adjacent EGFP-negative crypt (outlined by dashed line) contains CBCs with wild-type Dnmt1 and high expression

of Dnmt1 (white arrowheads). Scale bars, 20 μm. c Immunofluorescent analysis of ISCs and Dnmt1 in control (top panel) and Dnmt1ISCKO (bottom

panel) colons. Similar mosaic patterns of Dnmt1 deletion are observed in colon. Scale bars, 20 μm. d Immunofluorescent analysis of Paneth cells

in Dnmt3aISCKO and Dnmt1ISCKO mice. Paneth cells staining positive for lysozyme (red) are exclusively located at crypt bottoms in Dnmt3aISCKO mice

(top panel), whereas lysozyme+ cells (arrowheads) were detected at villus epithelia in Dnmt1ISCKO mice (bottom panel). Scale bars, 50 μm. Far right

panels show a magnified view of Lgr5-EGFP+ ISCs for each genotype; the clear segregation between CBCs and Paneth cells is lost in the Dnmt1ISCKO

mice. DNA methylation (e) and gene expression (f) analysis of 3′ CGI-associated genes in the colonic Lgr5+ ISCs collected from wild-type (wt) control,

Dnmt3af/f; Lgr5-EGFP-CreER and Dnmt1f/f; Lgr5-EGFP-CreER mice, with or without tamoxifen (TAM) administration. Error bars represent standard error of

the mean of at least three replicate experiments. *P < 0.05, **P < 0.01, and ***P < 0.001 versus control (two-sided t test)
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crypts showed altered morphologies with most cells ag-

gregating into clumps (solid circles, Fig. 4b; Additional

file 1: Figure S11), suggesting dysregulated crypt homeo-

stasis. Our observations on Paneth cells also supported

this notion. In small intestines of Dnmt1ISCKO mice,

Lysozyme+ Paneth cells lost their clear compartmental-

ization with ISCs, and some were mislocalized in the villus

epithelium (arrowheads, bottom panel in Fig. 4d). Normally,

Paneth cells are localized in the crypt (top panel in

Fig. 4d).

In parallel, we derived a Dnmt3af/f; Lgr5-EGFP-CreER

mouse line and applied the same strategy to evaluate the

functional consequences of induced Dnmt3a deletion in

adult ISCs (Dnmt3aISCKO). After tamoxifen administra-

tion, we confirmed the high-efficiency of gene ablation in

Lgr5-EGFP+ ISCs from Dnmt3aISCKO animals (Additional

file 1: Figure S12a). In contrast to Dnmt1ISCKO,

Dnmt3aISCKO small intestine and colon exhibited no ob-

vious morphological abnormalities (Additional file 1:

Figure S12b). Lysozyme staining revealed normal

Paneth cell localization (top panel in Fig. 4d). Overall,

these results were consistent with our observation in

the Dnmt3af/f; Villin-cre mice.

Finally, to determine whether dysregulation of postna-

tal epigenetic mechanisms might be involved in the ob-

served phenotypic defects of Dnmt1-deficient ISCs, we

analyzed DNA methylation and gene expression of three

genes (B4galnt1, Net37, and Lpar5) that normally

undergo increases in DNA methylation at 3′ CGIs. All

three exhibited significantly reduced DNA methylation

in the ISCs after disruption of Dnmt1 but not Dnmt3a

(Fig. 4e; Figure S13). As in the Villin-Cre experiments

(Fig. 3e, f ), hypomethylation at the 3′ CGIs led to re-

duced mRNA expression (Fig. 4f ). These results provide

further evidence that Dnmt1 is a prominent player in

control of the postnatally programmed DNA methyla-

tion in ISCs, while Dnmt3a is somewhat dispensable.

Collectively, these data indicate that Dnmt1-mediated

developmentally programmed epigenetic mechanisms

are involved in the regulation of adult ISC function.

Microbial exposure guides developmental epigenetics in

the colonic epithelium

Our discovery of postnatal epigenetic regulation in the

ISC population highlights a potential critical ontogenic

window in which the infant microbiome could influence

intestinal development. To test this, we profiled DNA

methylation in genetically identical C57 wild-type mice

under either conventional (CNV) or germ-free (GF) con-

ditions. We collected the colons at E15.5, P0, P21, and

P100, and used the unfractionated tissues for methyla-

tion analysis. We quantitatively measured DNA methyla-

tion of over 90 CpG sites spanning 15 genes identified

by WGBS as showing postnatal methylation changes in

ISCs. In addition, to rule out the possibility that micro-

biome effects on DNA methylation were simply due to

the changes of global methylation, we analyzed the

methylation of two generic repetitive elements (Line1

and IAP). Remarkably, in CNV mice, an unsupervised

hierarchical clustering based purely on DNA methyla-

tion yielded a perfect correspondence with stage of

development (Fig. 5a). In GF mice, however, these devel-

opmental changes in DNA methylation were markedly

dysregulated, at both P21 and P100 (Fig. 5b). The most

pronounced effect was in a large block of regions nor-

mally targeted for methylation increases from P0 to P21;

in GF mice many of these changes did not occur, even

by P100 (Fig. 5b, indicated by purple boxes). Addition-

ally, we found similar methylation profiles of newborn

mice (P0) in both CNV and GF conditions, consistent

with these epigenetic changes being induced by

colonization. It is worth mentioning that the macronu-

trient composition of the GF mouse diets was similar

to that of the control CNV mouse diet (Additional

file 2: Table S5). Further, we observed essentially the

same results for GF mice housed at different facilities.

Interestingly, we found significantly increased mRNA

levels of Dnmt1 in the GF mice at P21 and P100

(Additional file 1: Figure S14), indicating that the

methylation defects under the GF condition are not

due to insufficient Dnmt1 activity.

To test whether the effects of the microbiome on

DNA methylation might be mediated by altered cellu-

lar composition, and also to evaluate effects on gene

expression, we obtained another cohort of mice at

weaning under either CNV (N = 5) or GF (N = 5) con-

ditions. Rather than studying whole colon, we isolated

intestinal epithelial cells and assessed DNA methyla-

tion and expression of five 3′ CGI-associated genes.

In agreement with our previous results, the GF condi-

tion significantly reduced the developmentally pro-

grammed methylation at all genes analyzed (Fig. 6a).

We observed significantly reduced gene expression for

the two genes with the greatest methylation decre-

ments in GF mice (B4galnt1 and Phospho1; Fig. 6b).

Thus, the alterations in developmental epigenetics we

observed in the whole colon of GF mice (Fig. 5b)

occur within colonic epithelial cells.

Finally, to address the direct link between postna-

tal DNA methylation and the gut microbiome, we

performed fecal microbiota transplant (FMT) experi-

ments to conventionalize the GF mice at age P25.

Based on our previous results, we examined 3′ CGI

methylation of B4galnt1 and Phospho1 in colonic

epithelial cells at P100 under FMT (N = 3) compared

with GF (N = 3) and CNV (N = 2) conditions. As

shown in Additional file 1: Figure S15, reestablishing

commensal microbiota significantly increases DNA
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methylation at multiple CpG sites of 3′ CGIs. Con-

sistently, restored DNA methylation at the 3′ CGI of

the Phospho1 gene in FMT mice leads to signifi-

cantly increased gene expression.

Discussion

Compared with the rapid recent progress in epigenome

studies of embryonic and other somatic stem cells, epi-

genetic mechanisms in ISCs remain understudied. Re-

cently, two genome-wide DNA methylation studies

examined the role of DNA methylation in adult ISCs

during differentiation, but yielded inconsistent results [7,

9]. Whereas one study showed limited DNA methylation

dynamics during ISC differentiation [7], the second iden-

tified substantially more DMR regions, albeit with low

levels of change [9]. Here, to address whether DNA

methylation plays a regulatory role in ISC function, we

chose to take a different approach, using an unbiased

method to compare DNA methylomes in purified ISCs

and their descendants at two distinct developmental

stages (birth and weaning). Most notably, we found only

minor methylation changes during differentiation of

ISCs to epithelial cells, and that specific fractions of the

genome undergo dynamic DNA methylation changes —

apparent postnatal epigenetic regulation — within the

ISC populations during the suckling period (i.e., from P0

to P21). Interestingly, a detailed characterization of these

changes revealed continuous changes throughout intes-

tinal maturation and into adulthood, supporting our

earlier observations that postnatal epigenetic regulation

proceeds well beyond infancy [43]. Thus, our results

provide a framework for testing the role of DNA

Fig. 5 The germ-free condition affects developmentally programmed CGI methylation. a Unsupervised hierarchical clustering analysis on the basis

of DNA methylation profiling in mouse colon under conventional (CNV) conditions. Each row indicates a CpG site and the corresponding gene

name is indicated on the right. Each column indicates a sample analyzed and the corresponding age is indicated on the bottom. Methylation

levels range from unmethylated (blue) to fully methylated (red), as indicated by the color legend at the bottom of the graphs. b DNA methylation

profiling in mouse colon under germ-free (GF) conditions. The orders for CpG sites and age groups are pre-defined based on the conventional

samples. Purple boxes highlight 3′ CGI-associated CpGs at which the methylation levels are significantly altered by germ-free conditions
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methylation ontogeny in the origin, identity, and behav-

ior of ISCs across the developmental continuum.

Our results showed tight positive correlation of 3′

CGI methylation and gene expression throughout de-

velopment. This (Fig. 2b) corroborates our previous

reports that 3′ CGI methylation acts as a transcrip-

tional activator during human embryonic stem cell

differentiation [13], and is positively correlated with

expression during murine hypothalamic development

[44]. This is also consistent with our studies of con-

ditional inactivation of Dnmt1, in which erasure of

3′ CGI methylation in ISCs resulted in decreased

gene expression in vivo (Figs. 3 and 4). Mechanistic-

ally, it has been proposed that 3′ CGI methylation

controls gene activation through a CTCF-dependent

enhancer-blocking mechanism [13]. Although beyond

the scope of this study, future studies will be

necessary to reveal the exact mechanistic roles of

epigenetic regulators, including CTCF, in the devel-

opmentally programmed transcriptional regulation of

ISCs.

Conditional deletion of Dnmts in the intestine

allowed us to dissect intrinsic mechanisms required

for setting and maintaining developmentally pro-

grammed 3′ CGI methylation. Single knockout of

Dnmt3a in intestinal epithelial cells caused significant

decreases of 3′ CGI methylation, suggesting that

Dnmt3a is involved in de novo methylation during

early intestinal development. These reductions, how-

ever, were relatively modest and resulted in only

slight transcriptional changes in associated genes, in-

dicating that other de novo Dnmt genes might com-

pensate for the loss of Dnmt3a. On the other hand,

deletion of Dnmt1 strongly decreased 3′ CGI methy-

lation levels and led to concomitant decreases in

transcription. Somewhat unexpectedly, when we in-

duced Dnmt3a deletion by Lgr5-Cre in adolescent

ISCs (when methylation gains at 3′ CGIs were still

underway) we found no effects on de novo methyla-

tion. In contrast, after adolescent depletion of Dnmt1,

we detected significantly reduced DNA methylation

levels and mRNA expression in the ISCs. Taken to-

gether, our results indicate that Dnmt1, in addition to

its dogmatic role as a maintenance methylase, also

exhibits de novo methylation activity, as suggested by

previous studies [45, 46].

Our studies demonstrated that the phenotypic conse-

quences of intestine-specific Dnmt1 deletion depend on

the developmental stage at which the perturbation oc-

curs. Compared with the effects of Dnmt1 loss later in

life, Dnmt1 deletion during early postnatal life produced

more striking morphological and functional changes, in-

cluding severe postnatal growth retardation and develop-

ment of adenomatous lesions in the intestine. Consistent

Fig. 6 The germ-free condition affects developmentally programmed

3′ CGI methylation and transcription in intestinal epithelial cells. a DNA

methylation status at multiple CpG sites of five 3′ CGI-associated

genes are compared between two conditions: CNV (N = 5, red)

and GF (N = 5, green). The error bars represent standard error of

the mean. The error bars for the GF group are not showing as they are

smaller than the symbols. b Gene expression analysis of corresponding

3′ CGI genes. *P < 0.05, **P < 0.01 and ***P < 0.001, N.S. not significant
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with our findings, the recent study by Sheaffer et al. [9]

showed that conditional disruption of Dnmt1 by Villin-

Cre in the adult intestine caused only modest changes in

intestinal crypt homeostasis. To understand the contri-

bution of DNA methylation to the observed defects in

Dnmt1 mutants, the previous study focused on identify-

ing differential methylation during the transition from

ISCs to differentiated epithelial cells [9]. Although our

genome-wide analysis identified methylation changes in

the differentiation axis similar to the previous report, we

found substantially more profound methylation changes

in the ISCs themselves during maturation from P0 to

P21. Interestingly, a genome-wide study of other epigen-

etic marks also observed nearly identical histone marks

(H3K4me2 and H3K27ac) and DNase I hypersensitivity

in the adult ISCs and their progeny [8]. In light of these

results, we suggest that the control of adult ISC function

throughout life may be influenced by derangement of

these postnatal maturational epigenetic processes. It re-

mains to be determined, however, to what extent develop-

mentally programmed epigenetic mechanisms contribute

to the phenotypic defects seen in the Dnmt1 mutant mice.

Future studies with genome-wide analysis of Dnmt1 and/

or Dnmt3a mutants in both neonatal and adult ISCs

should resolve this question.

Our discovery of coordinated developmental changes

in 3′ CGI methylation and expression of genes encoding

glycosylation enzymes highlights the potential patho-

physiological relevance of developmental epigenetics in

adult ISCs. Glycosphingolipids and membrane glycopro-

teins decorate the interior structures and outer surfaces

of all living cells and, together with the secreted mucins,

contribute to the glycocalyx of the intestinal epithelial

surface. It has been postulated that the control mecha-

nisms by which developmental changes in enterocyte

surface glycosylation patterns are regulated may have a

direct impact on host and age susceptibility to patho-

genic bacterial infection, inflammatory bowel disease,

and cancer metastasis [47, 48]. In support of this conjec-

ture, our findings of postnatal epigenetic development at

B4galnt1, which encodes beta 1,4-N-acetylgalactosami-

nyltransferase 1 and normally undergoes transcriptional

activation by DNA methylation at 3′ CGIs, are of par-

ticular interest. B4galnt1 regulates postnatal develop-

ment of colonic epithelial cells through the biosynthetic

pathway of Sda blood group antigen [49], and is impli-

cated in inflammatory bowel disease, colorectal and

other types of cancer [50, 51].

Lastly, our studies suggested an epigenetic paradigm

for a symbiotic relationship between the host and com-

mensal microbes in the intestine. Studies in germ-free

mice revealed that the intestinal microflora profoundly

impacts intestinal physiology and mucosal immune

functions. For example, germ-free mice are deficient in

mucosal surface area and exhibit reduced crypt renewal

rate [23, 52]. In vivo studies demonstrated that the resi-

dent bacteria have a glycosylation-modulating effect on

the intestinal cell surface [20, 53]. By comparing germ-

free and conventional mice, we found that the develop-

mental establishment of intestinal DNA methylation pat-

terns, particularly at the 3′ CGIs of glycosylation genes,

was substantially blunted in the absence of gut microbiota.

Further, this was not due to impaired Dnmt1 activity.

Given that the gut microbiome synthesizes critical cofac-

tors required for one carbon metabolism [27, 28], it could

be proposed that the methylation deficits result from a

general lack of these metabolites. The overall maintenance

of DNA methylation at generic repeats (Line1 and IAP in

Fig. 5), however, suggested that, rather than simply facili-

tating methylation, the microbiome played a more sophis-

ticated instructive role. Moreover, our observations in

fecal transplant mice supported the direct link between

methylation and the microbiome, and indicated that dif-

ferent genomic regions could have different responsive-

ness to microbiota at distinct developmental stages (i.e.,

pre-weaning versus after-weaning). Clearly, future studies

will be needed to determine how microbial–host metabol-

ite interactions contribute to the epigenetic effects — for

example, by supplementing GF mice with dietary folate

and/or folate-producing bacterial strains. Given the

profound effects of the gut microbiome in human

health and disease, it will be important to determine

whether specific bacterial species are involved and

whether there is a critical developmental period for

the microbiota to influence ISC developmental epi-

genetics. If so, this may open the possibility for devel-

opmentally targeted probiotic therapies to provide

lifelong protection against intestinal disease.

Conclusions

We have shown that ISCs undergo important postnatal

epigenetic development. Our report sheds light on en-

dogenous and exogenous signals that guide the DNA

methylation machinery to orchestrate intestinal epige-

nomic development, with potential important implica-

tions for lifelong gut health.

Materials and methods

Experimental animals

The mouse lines have been described previously: Lgr5-

EGFP-CreER (also known as Lgr5EGFP-IRES-CreERT2) mice

(backcrossed to a pure C57BL/6 J background) express-

ing EGFP and Cre recombinase under the control of the

endogenous Lgr5 regulatory sequences [4], Villin-Cre

(Tg(Vil-cre)997Gum) mice (on the C57BL/6 J back-

ground) expressing Cre recombinase under the control

of mouse Villin1 promoter [54], Dnmt3af/f (also known

as Dnmt3a2lox/2lox) mice carrying floxed exon 19 [55–57],
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and Dnmt1f/f (also known as Dnmt12lox/2lox) mice carry

carrying floxed exons 4–5 [56, 58] (both are in a pure 129

background). Germ-free mice (C57BL/6 J) were main-

tained in three independent gnotobiotic animal facilities at

Medical University of South Carolina, Brigham and

Women’s Hospital and Baylor College of Medicine. PCR

genotyping assays, including primer sequences and PCR

conditions, are summarized in Additional file 2: Table S6.

All animal research was carried out in accordance with

the NIH Guide for Care and Use of Laboratory Animals

and approved by the Baylor College of Medicine Animal

Care and Use Committee (Protocol AN-6775).

Tamoxifen treatment

To induce ISC-specific knockout, adult Dnmt3af/f; Lgr5-

EGFP-CreER or Dnmt1f/f; Lgr5-EGFP-CreER mice were

intraperitoneally injected every other day with tamoxifen

(1 mg in corn oil × three times). We examined the small

intestines and colons 7 and 14 days after initial tamoxi-

fen injection.

Isolation of Lgr5+ ISCs and differentiated epithelial cells

EGFP-labeled Lgr5+ ISCs (Lgr5-EGFP+) and EpCAM-

labeled epithelial cells (Lgr5-EGFP-/EpCAM+) were iso-

lated based on a previously published method [13]. For

genome-wide studies, mice were pooled to obtain suffi-

cient amounts of ISCs (500 ng genomic DNA). We

crossed Lgr5-EGFP-CreER mice with wild-type C57 mice,

pooled 16 litters to obtain P0 samples, and 7 Lgr5-EGFP+

offspring to obtain P21 samples. For candidate gene stud-

ies, all animals were individually analyzed, except that for

the embryonic and P0 time-points, mice were pooled from

one litter and used as one biological sample. Flow cyto-

metric analysis and cell sorting were performed using

EGFP and anti-EpCAM antibody (Biolegend) on a four-

way MoFlo cell sorter (Beckman-Coulter).

Whole-genome DNA methylation profiling by

bisulfite-sequencing

WGBS was performed and analyzed according to a previ-

ously published protocol [33]. Briefly, sonicated, adaptor-

ligated genomic DNA was treated with sodium bisulfite by

the EZ DNA Methylation-Direct kit (Zymo Research).

The bisulfite-modified DNA was amplified (18 cycles)

using adaptor-specific primers and fragments of 200–

500 bp were isolated. The quantity and size distribution of

libraries were determined using the Pico Green fluores-

cence assay and the Agilent 2100 Bioanalyzer, respectively.

Each library was sequenced as 100-bp paired-end reads

with planned sequencing depth of ~1 billion reads and

20× coverage per sample (Additional file 2: Table S7). The

standard Illumina pipeline was used to perform base call-

ing. After removing adaptor sequences and low-quality

tails, reads were mapped to the mouse reference genome

(mm9) by Bismark [59]. All the Bisulfite-Seq data have

been uploaded to the Gene Expression Omnibus (GEO)

with accession number [GEO:GSE58532].

Whole-genome transcriptional profiling by RNA-Seq

RNA-Seq libraries were prepared as described previously

[60] and sequenced on the Illumina HiSeq 2000 instru-

ment with planned sequencing depth of 60 million reads

per sample. We used BOWTIE2 software [61], which

uses the Burrows-Wheeler transform for efficient re-

alignment of RNA sequences. Cufflinks [62] was used

for counting functions, quality control summaries, and

fragments per kilobase per million reads (FPKM). All

RNA-Seq data have been uploaded to GEO with acces-

sion number [GEO:GSE64054].

Quantitative DNA methylation analysis by

bisulfite-pyrosequencing

Methylation at specific CpG sites was quantified by

bisulfite-pyrosequencing using the PyroMark Q96 MD

instrument [63]. Primer sequences and sequencing as-

says are summarized in Additional file 2: Table S8. For

each assay, set-up included positive controls (SssI-treated

genomic DNA) and negative controls (whole genome

amplified genomic DNA), mixing experiments to rule

out bias, and repeated experiments to assess reproducibil-

ity. Annealing temperatures were optimized to overcome

PCR bias as previously reported [64].

Quantitative gene expression analysis by real-time

RT-PCR

TaqMan gene expression assays (Applied Biosystems)

were used to quantify mRNA of target genes. Assays

were designed to have primers/probes to span exon–

exon junctions (Additional file 2: Table S9). All experi-

ments were carried out in triplicate and relative gene ex-

pression was calculated by the ratio of the target genes

to β-actin expression on an ABI StepOnePlus Detection

System.

Histology, immunohistochemistry and

immunofluorescence assays

For histological analyses, mouse intestines were fixed in

4 % paraformaldehyde. Fixed tissues were paraffin-

embedded, sectioned, and stained with haematoxylin and

eosin according to standard laboratory protocols at the Cel-

lular and Molecular Morphology Core at the Texas Medical

Center Digestive Diseases Center. Procedures for immuno-

histochemistry and confocal immunofluorescent analyses

have been described [65]. The primary antibodies were

anti-DNMT1 (sc-20701, Santa Cruz for immunohisto-

chemistry and ab87654, Abcam for immunofluorescence),

GFP (ab6673, Abcam) and lysozyme (AR024-5R, Biogenex).

5′-Ethynyl-2′-deoxyuridine (EdU) staining was performed
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using the Click-iT® EdU Alexa Fluor® 555 imaging kit

(Invitrogen) according to the manufacturer’s instructions.

Alcian blue staining

Slides were de-waxed, rehydrated to water, and incu-

bated in Alcian Blue solution (0.01 g/ml Alcian blue in

3 % acetic acid, pH 2.5) for 30 minutes. The slides were

then washed briefly in water and mounted using Cyto-

seal 60 (Richard-Allan Scientific).

Bioinformatic analysis

Our main analyses of WGBS focus on all 200-bp ‘bins’

in the genome at approximately nucleosomal resolution

as previously described [33]. For bins containing at least

two CpG sites and covered by at least ten reads, we cal-

culated the methylation level as the percentage of all

methylated CpG site counts within each bin. For gene

category annotation, we used RefSeq downloaded from

the UCSC genome database. For CGI annotation, a list

of 23,021 mouse CGIs was identified based on a previ-

ous report [66]. The methylation level for a gene or CGI

category was computed as the mean of methylation

levels of associated bins.

The enrichment of GO annotation terms was analyzed

using the DAVID Functional Annotation Tool [67]. We

identified gene associated mDMRs with methylation

changes greater than 15 %, and divided them into eight

groups: (1) methylation gain at 5′ CGI (N = 316); (2)

methylation gain at gene body or 3′ CGI (N = 583); (3)

methylation loss at 5′ CGI (N = 239); (4) methylation

loss at gene body or 3′ CGI (N = 348); (5) methylation

gain at 5′ non-CGI (N = 323); (6) methylation gain at

gene body or 3′ non-CGI (N = 900); (7) methylation loss

at 5′ non-CGI (N = 513); (8) methylation loss at gene

body or 3′ non-CGI (N = 1710).

FMT experiments

At age P25, the GF mice were orally inoculated with

freshly prepared fecal slurries from at least two CNV

donor mice, and subsequently housed in the conventional

animal facility. For DNA methylation and gene expression

analysis, we isolated colonic epithelial cells from three

groups of mice at P100 under either GF (N = 3), FMT

(N = 3), or CNV (N = 2) conditions. All mice were

housed in the animal facilities at Baylor College of

Medicine.

Statistical analysis

Statistical significance of global methylation differences

was determined based on a test for proportions with the

200-bp bin as the unit of observation. Statistical signifi-

cance of the overlap with each GO category was deter-

mined by Fisher’s exact test and the P values were adjusted

by Bonferroni correction to control false discovery rate

(FDR). For the comparisons of candidate genes, quantita-

tive DNA methylation and expression results are expressed

as mean ± standard error of the mean. For both DNA

methylation and gene expression data, we confirmed the

normality of data by Kolmogorov-Smirnov test. Student’s t

tests with two-tailed distribution were used to determine

the significance of difference. P < 0.05 was considered

statistically significant. Age -adjusted regression analysis

was performed to assess the statistical correlation be-

tween DNA methylation and gene expression. To ac-

count for multiple testing, we controlled FDR and

reported FDR-adjusted P values using the Benjaimini-

Hochberg procedure.

Additional files

Additional file 1: Supplemental Figures S1–S15. (PDF 2922 kb)

Additional file 2: Supplemental Tables S1–S9. (PDF 2694 kb)

Abbreviations

bp: base pair; CBC: crypt-based columnar; CGI: CpG island; CNV: conventional;

dDMR: differentiation-associated differentially methylated region; DNMT: DNA

methyltransferase; E: embryonic day; EGFP: enhanced green fluorescent

protein; EpCAM: epithelial cell adhesion molecule; FACS fluorescence

activated cell sorting FDR: false discovery rate; FMT: fecal microbiota

transplant; GEO: Gene Expression Omnibus; GF: germfree; GO: Gene Ontology;

ISC: intestinal stem cell; mDMR: maturation-associated differentially methylated

region; P: postnatal day; PCR: polymerase chain reaction; UTR: untranslated

region; WGBS: whole-genome bisulfite sequencing.

Competing interests

The authors declare that they have no competing interests.

Authors’ contributions

Study conception and funding: RAW, SRM, and LS. Study design: NG, YG,

MHC, RC, CW, LB, RAW, AS, and LS. Data acquisition and analysis: DHY, MG,

QZ, SY, DS, TNR, EL, RAW, ZG, HW, CM, CH, AS, and LS. Technical or material

support: CW and LB. Drafting of the manuscript: DHY, RAW, and LS. Critical

revisions to the manuscript: all. Final decision to submit: all. All authors read

and approved the final manuscript.

Acknowledgements

This work was supported by grants from the Sidney Kimmel Foundation (to

L.S.); US Department of Agriculture (CRIS 6250-51000-055 to L.S. and R.A.W.,

CRIS 6250-51000-054 to M.H.C.); March of Dimes (1-FY-08-392 to R.A.W.);

National Institutes of Health (R01HD061916 to L.B., 1R01DK081557 to R.A.W.,

K02TW008767 to S.R.M., and 1R21CA137689 to L.S.), and a Bill & Melinda

Gates Grand Challenges Explorations Grant (OPP1109785 to S.R.M. and L.S.).

We would like to thank Adam Gillum for assistance with the figures. We are

grateful for the shared resources provided by the Cellular and Molecular

Morphology core at the Texas Medical Center Digestive Disease Center

(NIH/NIDDK P30 DK56338), Harvard Digestive Disease Center Gnotobiotic

Mouse Core (NIH/NIDDK P30 DK034854), MUSC Gnotobiotic Animal Core

(NIH/NIGMS P30GM103331) and Baylor College of Medicine Gnotobiotic

Mouse Facility. Fluorescence activated sorting was performed in the Texas

Children’s Cancer and Hematology Core Flow Laboratory with the expert

assistance of Tatiana Goltsova.

Author details
1Department of Pediatrics, Baylor College of Medicine, USDA/ARS Children’s

Nutrition Research Center, 1100 Bates St., Ste. 8020, Houston, TX 77030, USA.
2Department of Biological Sciences, Rutgers University, Newark, NJ 07102,

USA. 3Department of Molecular & Human Genetics, Baylor College of

Medicine, Houston, TX 77030, USA. 4Department of Pathology, Texas

Children’s Hospital, Baylor College of Medicine, Houston, TX 77030, USA.

Yu et al. Genome Biology  (2015) 16:211 Page 14 of 16

http://genomebiology.com/content/supplementary/s13059-015-0763-5-s1.pdf
http://genomebiology.com/content/supplementary/s13059-015-0763-5-s2.pdf


5Department of Molecular and Human Genetics, Human Genome Center,

Baylor College of Medicine, Houston, TX 77030, USA. 6Department of Oral

Health Sciences, Medical University of South Carolina, Charleston, SC 29425,

USA. 7Center for Clinical and Translational Metagenomics, Brigham &

Women’s Hospital Harvard Digestive Diseases Center, Boston, MA 02115,

USA. 8Center for Comparative Medicine and Department of Molecular

Virology and Microbiology, Baylor College of Medicine, Houston, TX 77030,

USA. 9Gastroenterology, Hepatology, & Nutrition, Center for Global Child

Health, Cincinnati Children’s Hospital Medical Center, Cincinnati, OH 45229,

USA.

Received: 15 July 2015 Accepted: 28 August 2015

References

1. Cheng H, Bjerknes M. Whole population cell kinetics and postnatal

development of the mouse intestinal epithelium. Anat Rec. 1985;211:420–6.

2. Cheng H, Leblond CP. Origin, differentiation and renewal of the four main

epithelial cell types in the mouse small intestine. V. Unitarian Theory of the

origin of the four epithelial cell types. Am J Anat. 1974;141:537–61.

3. Henning SJ. Postnatal development: coordination of feeding, digestion, and

metabolism. Am J Physiol. 1981;241:G199–214.

4. Barker N, van Es JH, Kuipers J, Kujala P, van den Born M, Cozijnsen M, et al.

Identification of stem cells in small intestine and colon by marker gene

Lgr5. Nature. 2007;449:1003–7.

5. Sheaffer KL, Kaestner KH. Transcriptional networks in liver and intestinal

development. Cold Spring Harb Perspect Biol. 2012;4:a008284.

6. Gu B, Watanabe K, Dai X. Epithelial stem cells: an epigenetic and Wnt-

centric perspective. J Cell Biochem. 2010;110:1279–87.

7. Kaaij LT, van de Wetering M, Fang F, Decato B, Molaro A, van de Werken HJ,

et al. DNA methylation dynamics during intestinal stem cell differentiation

reveals enhancers driving gene expression in the villus. Genome Biol.

2013;14:R50.

8. Kim TH, Li F, Ferreiro-Neira I, Ho LL, Luyten A, Nalapareddy K, et al. Broadly

permissive intestinal chromatin underlies lateral inhibition and cell plasticity.

Nature. 2014;506:511–5.

9. Sheaffer KL, Kim R, Aoki R, Elliott EN, Schug J, Burger L, et al. DNA

methylation is required for the control of stem cell differentiation in the

small intestine. Genes Dev. 2014;28:652–64.

10. Waterland RA. Epigenetic mechanisms and gastrointestinal development. J

Pediatr. 2006;149:S137–142.

11. Jones PA. Functions of DNA methylation: islands, start sites, gene bodies

and beyond. Nat Rev Genet. 2012;13:484–92.

12. Deaton AM, Bird A. CpG islands and the regulation of transcription. Genes

Dev. 2011;25:1010–22.

13. Yu DH, Ware C, Waterland RA, Zhang J, Chen MH, Gadkari M, et al.

Developmentally programmed 3’ CpG island methylation confers tissue- and

cell-type-specific transcriptional activation. Mol Cell Biol. 2013;33:1845–58.

14. Waterland RA, Michels KB. Epigenetic epidemiology of the developmental

origins hypothesis. Annu Rev Nutr. 2007;27:363–88.

15. Chang L, Neu J. Early factors leading to later obesity: interactions of the

microbiome, epigenome, and nutrition. Curr Probl Pediatr Adolesc Health

Care. 2015;45:134–42.

16. Mudd SH, Brosnan JT, Brosnan ME, Jacobs RL, Stabler SP, Allen RH, et al.

Methyl balance and transmethylation fluxes in humans. Am J Clin Nutr.

2007;85:19–25.

17. Stover PJ. Polymorphisms in 1-carbon metabolism, epigenetics and

folate-related pathologies. J Nutrigenet Nutrigenomics. 2011;4:293–305.

18. Abrams GD, Bauer H, Sprinz H. Influence of the normal flora on mucosal

morphology and cellular renewal in the ileum. A comparison of germ-free

and conventional mice. Lab Invest. 1963;12:355–64.

19. Stappenbeck TS, Hooper LV, Gordon JI. Developmental regulation of

intestinal angiogenesis by indigenous microbes via Paneth cells. Proc Natl

Acad Sci U S A. 2002;99:15451–5.

20. Bry L, Falk PG, Midtvedt T, Gordon JI. A model of host-microbial interactions

in an open mammalian ecosystem. Science. 1996;273:1380–3.

21. Freitas M, Axelsson LG, Cayuela C, Midtvedt T, Trugnan G. Microbial-host

interactions specifically control the glycosylation pattern in intestinal mouse

mucosa. Histochem Cell Biol. 2002;118:149–61.

22. Rakoff-Nahoum S, Kong Y, Kleinstein SH, Subramanian S, Ahern PP, Gordon

JI, et al. Analysis of gene-environment interactions in postnatal

development of the mammalian intestine. Proc Natl Acad Sci U S A.

2015;112:1929–36.

23. Sommer F, Backhed F. The gut microbiota–masters of host development

and physiology. Nat Rev Microbiol. 2013;11:227–38.

24. Banasaz M, Norin E, Holma R, Midtvedt T. Increased enterocyte production

in gnotobiotic rats mono-associated with Lactobacillus rhamnosus GG. Appl

Environ Microbiol. 2002;68:3031–4.

25. Buchon N, Broderick NA, Chakrabarti S, Lemaitre B. Invasive and indigenous

microbiota impact intestinal stem cell activity through multiple pathways in

Drosophila. Genes Dev. 2009;23:2333–44.

26. Savage DC, Siegel JE, Snellen JE, Whitt DD. Transit time of epithelial cells in

the small intestines of germfree mice and ex-germfree mice associated with

indigenous microorganisms. Appl Environ Microbiol. 1981;42:996–1001.

27. Kau AL, Ahern PP, Griffin NW, Goodman AL, Gordon JI. Human nutrition, the

gut microbiome and the immune system. Nature. 2011;474:327–36.

28. Mischke M, Plosch T. More than just a gut instinct-the potential interplay

between a baby’s nutrition, its gut microbiome, and the epigenome. Am J

Physiol Regul Integr Comp Physiol. 2013;304:R1065–1069.

29. Takahashi K. Influence of bacteria on epigenetic gene control. Cell Mol Life

Sci. 2014;71:1045–54.

30. Takahashi K, Sugi Y, Nakano K, Tsuda M, Kurihara K, Hosono A, et al.

Epigenetic control of the host gene by commensal bacteria in large

intestinal epithelial cells. J Biol Chem. 2011;286:35755–62.

31. Kumar H, Lund R, Laiho A, Lundelin K, Ley RE, Isolauri E, et al. Gut

microbiota as an epigenetic regulator: pilot study based on whole-genome

methylation analysis. MBio. 2014;5(6):e02113–14. PMID: 25516615,

PMCID: PMC4271550.

32. Itzkovitz S, Blat IC, Jacks T, Clevers H, van Oudenaarden A. Optimality in the

development of intestinal crypts. Cell. 2012;148:608–19.

33. Kunde-Ramamoorthy G, Coarfa C, Laritsky E, Kessler NJ, Harris RA, Xu M, et

al. Comparison and quantitative verification of mapping algorithms for

whole-genome bisulfite sequencing. Nucleic Acids Res. 2014;42:e43.

34. Jenke AC, Postberg J, Raine T, Nayak KM, Molitor M, Wirth S, et al. DNA

methylation analysis in the intestinal epithelium-effect of cell separation on

gene expression and methylation profile. PLoS One. 2013;8:e55636.

35. Kemper K, Prasetyanti PR, De Lau W, Rodermond H, Clevers H, Medema JP.

Monoclonal antibodies against Lgr5 identify human colorectal cancer stem

cells. Stem Cells. 2012;30:2378–86.

36. Magness ST, Puthoff BJ, Crissey MA, Dunn J, Henning SJ, Houchen C, et al. A

multicenter study to standardize reporting and analyses of fluorescence-

activated cell-sorted murine intestinal epithelial cells. Am J Physiol

Gastrointest Liver Physiol. 2013;305:G542–551.

37. Biol-N’garagba MC, Louisot P. Regulation of the intestinal glycoprotein

glycosylation during postnatal development: role of hormonal and

nutritional factors. Biochimie. 2003;85:331–52.

38. Haltiwanger RS, Lowe JB. Role of glycosylation in development. Annu Rev

Biochem. 2004;73:491–537.

39. Doi A, Park IH, Wen B, Murakami P, Aryee MJ, Irizarry R, et al. Differential

methylation of tissue- and cancer-specific CpG island shores distinguishes

human induced pluripotent stem cells, embryonic stem cells and

fibroblasts. Nat Genet. 2009;41:1350–3.

40. Koo BK, Spit M, Jordens I, Low TY, Stange DE, van de Wetering M, et al.

Tumour suppressor RNF43 is a stem-cell E3 ligase that induces endocytosis

of Wnt receptors. Nature. 2012;488:665–9.

41. Lin S, Yeruva S, He P, Singh AK, Zhang H, Chen M, et al. Lysophosphatidic

acid stimulates the intestinal brush border Na(+)/H(+) exchanger 3 and fluid

absorption via LPA(5) and NHERF2. Gastroenterology. 2010;138:649–58.

42. Chen T, Li E. Structure and function of eukaryotic DNA methyltransferases.

Curr Top Dev Biol. 2004;60:55–89.

43. Kellermayer R, Balasa A, Zhang W, Lee S, Mirza S, Chakravarty A, et al.

Epigenetic maturation in colonic mucosa continues beyond infancy in mice.

Hum Mol Genet. 2010;19:2168.

44. Li G, Zhang W, Baker MS, Laritsky E, Mattan-Hung N, Yu D, et al. Major

epigenetic development distinguishing neuronal and non-neuronal cells

occurs postnatally in the murine hypothalamus. Hum Mol Genet.

2014;23:1579–90.

45. Fatemi M, Hermann A, Gowher H, Jeltsch A. Dnmt3a and Dnmt1

functionally cooperate during de novo methylation of DNA. Eur J Biochem.

2002;269:4981–4.

46. Jair KW, Bachman KE, Suzuki H, Ting AH, Rhee I, Yen RW, et al. De novo CpG

island methylation in human cancer cells. Cancer Res. 2006;66:682–92.

Yu et al. Genome Biology  (2015) 16:211 Page 15 of 16



47. Campbell BJ, Yu LG, Rhodes JM. Altered glycosylation in inflammatory

bowel disease: a possible role in cancer development. Glycoconj J.

2001;18:851–8.

48. Dai D, Nanthkumar NN, Newburg DS, Walker WA. Role of oligosaccharides

and glycoconjugates in intestinal host defense. J Pediatr Gastroenterol Nutr.

2000;30:S23–33.

49. Dall’Olio F, Malagolini N, Di Stefano G, Ciambella M, Serafini-Cessi F.

Postnatal development of rat colon epithelial cells is associated with

changes in the expression of the beta 1,4-N-acetylgalactosaminyltransferase

involved in the synthesis of Sda antigen of alpha 2,6-sialyltransferase activity

towards N-acetyl-lactosamine. Biochem J. 1990;270:519–24.

50. Kawamura YI, Kawashima R, Fukunaga R, Hirai K, Toyama-Sorimachi N,

Tokuhara M, et al. Introduction of Sd(a) carbohydrate antigen in

gastrointestinal cancer cells eliminates selectin ligands and inhibits

metastasis. Cancer Res. 2005;65:6220–7.

51. Kim YS, Isaacs R. Glycoprotein metabolism in inflammatory and neoplastic

diseases of the human colon. Cancer Res. 1975;35:2092–7.

52. Gordon HA, Pesti L. The gnotobiotic animal as a tool in the study of host

microbial relationships. Bacteriol Rev. 1971;35:390–429.

53. Hooper LV, Gordon JI. Glycans as legislators of host-microbial interactions:

spanning the spectrum from symbiosis to pathogenicity. Glycobiology.

2001;11:1R–10R.

54. Madison BB, Dunbar L, Qiao XT, Braunstein K, Braunstein E, Gumucio DL. Cis

elements of the villin gene control expression in restricted domains of the

vertical (crypt) and horizontal (duodenum, cecum) axes of the intestine. J

Biol Chem. 2002;277:33275–83.

55. Challen GA, Sun D, Jeong M, Luo M, Jelinek J, Berg JS, et al. Dnmt3a is

essential for hematopoietic stem cell differentiation. Nat Genet.

2012;44:23–31.

56. Feng J, Zhou Y, Campbell SL, Le T, Li E, Sweatt JD, et al. Dnmt1 and

Dnmt3a maintain DNA methylation and regulate synaptic function in adult

forebrain neurons. Nat Neurosci. 2010;13:423–30.

57. Kaneda M, Okano M, Hata K, Sado T, Tsujimoto N, Li E, et al. Essential role

for de novo DNA methyltransferase Dnmt3a in paternal and maternal

imprinting. Nature. 2004;429:900–3.

58. Jackson-Grusby L, Beard C, Possemato R, Tudor M, Fambrough D,

Csankovszki G, et al. Loss of genomic methylation causes p53-dependent

apoptosis and epigenetic deregulation. Nat Genet. 2001;27:31–9.

59. Krueger F, Andrews SR. Bismark: a flexible aligner and methylation caller for

Bisulfite-Seq applications. Bioinformatics. 2011;27:1571–2.

60. Seisenberger S, Andrews S, Krueger F, Arand J, Walter J, Santos F, et al. The

dynamics of genome-wide DNA methylation reprogramming in mouse

primordial germ cells. Mol Cell. 2012;48:849–62.

61. Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat

Methods. 2012;9:357–9.

62. Trapnell C, Williams BA, Pertea G, Mortazavi A, Kwan G, van Baren MJ, et al.

Transcript assembly and quantification by RNA-Seq reveals unannotated

transcripts and isoform switching during cell differentiation. Nat Biotechnol.

2010;28:511–5.

63. Colella S, Shen L, Baggerly KA, Issa JP, Krahe R. Sensitive and quantitative

universal Pyrosequencing methylation analysis of CpG sites. Biotechniques.

2003;35:146–50.

64. Shen L, Guo Y, Chen X, Ahmed S, Issa JP. Optimizing annealing temperature

overcomes bias in bisulfite PCR methylation analysis. Biotechniques.

2007;42:48, 50, 52 passim.

65. Sakamori R, Das S, Yu S, Feng S, Stypulkowski E, Guan Y, et al. Cdc42 and

Rab8a are critical for intestinal stem cell division, survival, and differentiation

in mice. J Clin Invest. 2012;122:1052–65.

66. Illingworth RS, Gruenewald-Schneider U, Webb S, Kerr AR, James KD, Turner

DJ, et al. Orphan CpG islands identify numerous conserved promoters in

the mammalian genome. PLoS Genet. 2010;6:e1001134.

67. DAVID. https://david.ncifcrf.gov/.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Yu et al. Genome Biology  (2015) 16:211 Page 16 of 16

https://david.ncifcrf.gov/

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	The DNA methylome changes more during postnatal ISC maturation than during differentiation of ISCs
	3′ CGI-associated mDMRs are functionally implicated in development and intestinal maturation
	Methylation gains at 3′ CGIs of glycosylation genes correlate tightly with transcriptional activation in the developing ISCs
	DNMT1-mediated DNA methylation is essential for postnatal intestinal development
	Dnmt1-mediated DNA methylation is required for the control of adult ISC homeostasis
	Microbial exposure guides developmental epigenetics in the colonic epithelium

	Discussion
	Conclusions
	Materials and methods
	Experimental animals
	Tamoxifen treatment
	Isolation of Lgr5+ ISCs and differentiated epithelial cells
	Whole-genome DNA methylation profiling by bisulfite-sequencing
	Whole-genome transcriptional profiling by RNA-Seq
	Quantitative DNA methylation analysis by bisulfite-pyrosequencing
	Quantitative gene expression analysis by real-time RT-PCR
	Histology, immunohistochemistry and immunofluorescence assays
	Alcian blue staining
	Bioinformatic analysis
	FMT experiments
	Statistical analysis

	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

