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Dnmt1 is essential to maintain progenitors in the perinatal

intestinal epithelium

Ellen N. Elliott', Karyn L. Sheaffer!, Jonathan Schug’, Thaddeus S. Stappenbeck? and Klaus H. Kaestner'-*

ABSTRACT

The DNA methyltransferase Dnmt1 maintains DNA methylation
patterns and genomic stability in several in vitro cell systems.
Ablation of Dnmt1 in mouse embryos causes death at the post-
gastrulation stage; however, the functions of Dnmt1 and DNA
methylation in organogenesis remain unclear. Here, we report that
Dnmt1 is crucial during perinatal intestinal development. Loss of
Dnmt1 in intervillus progenitor cells causes global hypomethylation,
DNA damage, premature differentiation, apoptosis and, consequently,
loss of nascent villi. We further confirm the crucial role of Dnmt1 during
crypt development using the in vitro organoid culture system, and
illustrate a clear differential requirement for Dnmt1 in immature versus
mature organoids. These results demonstrate an essential role for
Dnmt1 in maintaining genomic stability during intestinal development
and the establishment of intestinal crypts.

KEY WORDS: DNA damage response, DNA methylation,
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INTRODUCTION

DNA methyltransferase 1 (Dnmtl) maintains DNA methylation
following DNA replication, but little is known about its requirement
for organ development. Previous studies of mice with global
deletion of Dnmtl failed to define the contribution of maintenance
methylation during organogenesis because Dnmtl null mice die
shortly after gastrulation, at approximately embryonic day (E) 9.5
(Li et al.,, 1992). With the advent of Cre-loxP recombination
technology and tissue-specific gene ablation, the role of Dnmt! in
organ development can now be addressed. For example, DnmtI has
been ablated during neuronal development and shown to be
essential for the survival of fetal mitotic neuroblasts (Fan et al.,
2001). Dnmtl-ablated neuroblasts are 95% hypomethylated, and
mice die just after birth due to respiratory defects, demonstrating a
clear role for Dmmtl in organ development and cellular
differentiation (Fan et al., 2001). In the fetal pancreas, deletion of
Dnmtl causes a decrease in differentiated pancreatic cells with a
concomitant increase in p53 levels, cell cycle arrest and progenitor
cell apoptosis. However, this phenotype is dependent on direct
binding of the Dnmtl1 protein to the p53 (7Trp53) locus, and was
suggested to be caused by a DNA methylation-independent effect of
Dnmtl (Georgia et al., 2013). Thus, it remains unclear whether and
how Dnmtl and maintenance DNA methylation control different
organs during development.
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The intestinal epithelium is an especially tractable system for the
study of stem cell maintenance and cellular differentiation.
Important differences between the neonatal and adult intestinal
epithelium led us to investigate the role of Dnmt! during fetal gut
development. Previous work had shown that Dmmtl controls
cellular differentiation in the mature intestinal epithelium, but is
dispensable for organ maintenance and organismal survival in adult
mice (Sheaffer et al., 2014). However, the intestinal stem cell niche
does not develop until ~1 week after birth in mice. During fetal gut
development, proliferative progenitor cells become progressively
restricted to the intervillus epithelium. Following birth, the
proliferative intervillus regions invaginate into the underlying
mesenchyme to form intestinal crypts. As a result, there is no
defined stem cell population in the late fetal and perinatal intestinal
epithelium. Furthermore, the mitotic index of intestinal epithelial
progenitors is highest during the late embryonic and postnatal
period, during which time the rate of cell production must
dramatically exceed the rate of cell extrusion at the villus tip to
allow for rapid villus growth (Al-Nafussi and Wright, 1982;
Itzkovitz et al., 2012). This higher rate of cell turnover might
indicate a distinct requirement for maintenance DNA methylation,
as any delay in cell division would be expected to impair organ
development.

Prior studies have failed to provide a clear explanation as to why
loss of DNA methylation during organ development, such as in the
brain, causes cell death (Fan et al., 2001). Rescue of the cell death
phenotype in DnmtI-deficient cultured fibroblasts via inactivation
of Trp53 strongly suggests that the p53 pathway is partially
responsible (Jackson-Grusby et al., 2001). In vitro studies of
colorectal cancer (CRC) cell lines demonstrate that loss of DNA
methylation results in genomic instability, DNA damage and
mitotic arrest (Chen et al., 2007). Indeed, hypomethylation leads to
increased mutation rates and reduced genomic stability (Chen et al.,
1998), and in human CRC patients aberrant DNA methylation
correlates with microsatellite instability (Ahuja et al., 1997).
Therefore, we set out to determine whether loss of Dnmtl causes
genomic instability and intestinal development failure in the
developing gut.

Using cell type-specific gene ablation, we discovered that Dnmt!
is essential for the maintenance of epithelial proliferation and
nascent crypt development in the perinatal period. Without
maintenance DNA methylation, the rapidly growing epithelium
displays increased double-strand breakage, activation of the DNA
damage response, and loss of progenitor cells due to both premature
differentiation and apoptosis. We validate these results utilizing
in vitro organoid cultures, demonstrating that Dnmt1 is required to
establish organoids from the perinatal intestinal epithelium but is
not essential for the maintenance of mature organoids derived from
adult intestinal crypts. These data provide novel evidence for the
role of DNA methylation in maintaining genomic stability during
the development of highly proliferative tissues.

2163


mailto:kaestner@mail.med.upenn.edu

RESEARCH ARTICLE

Development (2015) 142, 2163-2172 doi:10.1242/dev.117341

RESULTS

Dnmt1is expressed in the proliferative zone of the embryonic
and adult intestinal epithelium

To begin our study of the requirement for Dnmtl in intestinal
epithelial development, we first characterized the localization of
Dnmtl protein at different fetal and postnatal stages in the mouse.
At E16.5, E18.5 and on postnatal day (P) 0, Dnmtl protein was
restricted to the proliferative intervillus regions, while in the adult
intestinal epithelium Dnmtl was localized to the proliferative crypt
zone, as previously reported (supplementary material Fig. S1)
(Sheaffer et al., 2014). Furthermore, prior RNA-Seq analysis of
isolated cell populations from the adult intestinal epithelium
confirms that crypt-based columnar intestinal stem cells (ISCs)
express Dnmt1, whereas differentiated villus cells contain little to no
Dnmt] mRNA (Sheaffer et al., 2014).

Dnmt1 ablation causes decreased proliferation and genome
hypomethylation in the perinatal intestinal epithelium

To investigate the function of Dnmtl during murine gut
development, we employed Cre-loxP recombination technology
to specifically ablate Dnmtl in the intestinal epithelium. The
VillinCre transgene has been shown to cause activation of a Cre-
dependent lacZ reporter as early as E12.5 (Madison et al., 2002), but
analysis of late gestation Dnmt1'""*F; VillinCre E18.5 embryos
revealed highly mosaic ablation of Dnmtl (supplementary material
Fig. S2A-C) and no phenotypic effects were observed at this stage
(data not shown). The mosaicism can be explained by the fact that
the efficacy of Cre-mediated gene ablation varies depending on the
design of the loxP-flanked target allele and its localization in
chromatin (Baubonis and Sauer, 1993; Long and Rossi, 2009).
Because Dnmt 1" VillinCre mutants were born at the expected
Mendelian ratios, we set out to determine the potential requirement
for Dnmt1 in the perinatal period.

The majority of Dnmtl™®""*F: VillinCre mice died within
the first weeks of life, with only ~35% surviving to weaning
(Fig. 1A). The variable expressivity of the mutant phenotype is
explained by the mosaicism of gene ablation in Dnmt]/*<7/oxF;
VillinCre mice. In the first week of life, mutant mice often became
runted and failed to compete with healthy littermates for maternal
resources. We thus confined our analyses to PO Dnmt]'ox 1P,
VillinCre mice. Staining of mutant PO intestine revealed that Dnmt1
protein was absent from 40-60% of progenitor cells (Fig. 1C,E;
supplementary material Fig. S3A-C). Quantification of the villi
present in the mutant neonatal intestinal epithelium showed a 25%
decrease in villus number compared with littermate controls
(Fig. 1B); the length of the villi, largely reflecting areas in which
Dnmtl had not been deleted, remained similar across genotypes
(data not shown).

To evaluate the possibility that the de novo DNA methyltransferases
Dnmt3a and Dnmit3b might compensate for Dnmtl deficiency
during gut development, we determined mRNA expression and
protein localization of these two enzymes in Dnmt1°"*; VillinCre
neonatal mutants and Dnmt1'<F1F littermate controls. The Dnmt1-
deficient intestine did not display increased mRNA expression or
altered localization of either de novo methyltransferase
(supplementary material Fig. S3D-I). Thus, there is no
compensatory upregulation of expression of Dnmt3a and Dnmt3b
in the DnmtI-deficient gut epithelium.

The intestinal epithelium of surviving adult Dnmt]’o*/ <P,
VillinCre mutants was predominantly Dnmtl®, indicating
that ‘escaper cells’ that avoided Cre-mediated excision had
repopulated the intestinal epithelium in its entirety (supplementary
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material Fig. S2D,E). The fact that the epithelium of surviving
Dnmt1'°""xF : VillinCre mice is made up primarily of Cre-escaper
cells, despite the fact that the Villin promoter is active throughout
adulthood, demonstrates that DnmtI-deficient progenitor cells are at
a severe disadvantage compared with Dnmtl " Cre-escaper cells.
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Fig. 1. Ablation of Dnmt1 in the developing intestinal epithelium causes
reduced proliferation and DNA hypomethylation. (A) Only 35% of

Dnmt 1P \/ijlinCre mouse mutants survive to P20 (n=14). (B) PO mutants
have significantly fewer villi than littermate controls (n=4). (C-F) Dnmt1 (C,E)
and Ki67 (D,F) protein immunohistochemistry. PO mutants display mosaic
Dnmt1 ablation compared with controls (C,E). Absence of Dnmt1 (E, red
bracket) corresponds to loss of proliferation in mutant progenitors as assessed
by Ki67 staining of an adjacent section (F, red bracket). Dnmt1* progenitors
show similar proliferation in mutants (E,F, black brackets) compared with
controls (D). (G) LINE1 repeat DNA methylation levels as assessed by bisulfite
sequencing (n=4). Decreased LINE1 methylation indicates global
demethylation in Dnmt1 mutant progenitor cells as compared with controls.
(H) H19 ICR DNA methylation levels are decreased in Dnmt1 mutant
progenitor cells relative to controls (n=4). Data are represented as
meants.e.m. *P<0.05, **P<0.01, ***P<0.001, two-tailed Student’s t-test.
Scale bars: 50 pm.
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To investigate the possible causes for the observed postnatal
lethality in Dnmtl-deficient mice, we first assessed epithelial cell
proliferation. In control Dnmtl"™"*F littermates, all Dnmtl™
cells are Ki67"; we defined these proliferative areas in the
intervillus regions of the neonatal intestine as the progenitor zone
(Fig. 1C,D; supplementary material Fig. S4A,B). The Dnmtl-
ablated epithelium displayed a striking reduction in the number of
replicating cells as indicated by Ki67 staining, with many intervillus
regions completely lacking proliferative cells (Fig. 1E,F;
supplementary material Fig. S4C,D). Regions of the gut that
retained Dnmtl expression due to inefficient Cre-mediated gene
ablation maintained epithelial proliferation, as expected (Fig. 1E,F).
Furthermore, co-staining of Dnmt1’*""<F: VillinCre mutants and
littermate controls demonstrated the substantial overlap of Dnmtl
and Ki67 protein localization (supplementary material Fig. S4).
These results suggest that Dnmtl is necessary to maintain the
proliferation of epithelial progenitors during early postnatal intestinal
development.

Next, we determined whether ablation of Dnmtl resulted in loss
of global DNA methylation in progenitor cells. The mosaicism of
the Dnmt] mutants precluded mechanistic analysis in bulk tissue
extracts. To overcome this limitation, we isolated Dnmit]"0xF/10xP,
VillinCre mutant and Dnmt 1" control jejunal progenitor cells by
laser capture microdissection (LCM). We stained serial sections for
Ki67 to identify Dnmtl-ablated and DnmtI" areas corresponding to
non-proliferative and proliferative progenitor zones, respectively,
and used the adjacent serial sections for LCM. We isolated ~10,000
cells per biological replicate for DNA methylation analysis (n=4 per
group). LINEI repetitive elements comprise 18% of the mouse
genome (Waterston et al., 2002) and are a representative measure of
genome-wide DNA methylation (Lane et al., 2003; Yang et al.,
2004). Bisulfite sequencing of LINEI elements demonstrated
global demethylation of the mutant genome, exceeding 50% for
several CpGs, confirming a dramatic loss of maintenance
methylation (Fig. 1G). To further probe the DNA methylation
status of mutant cells, we also bisulfite sequenced the imprinting
control region (ICR) of the H79 locus. The H79 ICR is methylated
on the paternal allele, meaning that H79 is only expressed from the
maternally inherited copy (Tremblay et al., 1995). Targeted bisulfite
sequencing demonstrated a consistent reduction of DNA methylation
at the /79 ICR locus in mutants as compared with controls (Fig. 1H).
These data are still likely to underestimate the degree of methylation
loss, as even the most careful LCM resulted in the capture of 10%
DnmtI™ cells from mutant tissues, as indicated by our RNA-Seq
analysis (see below; supplementary material Fig. S5B). Overall,
these bisulfite sequencing results indicate a genome-wide reduction
in DNA methylation.

To determine the changes that Dnmtl ablation causes in gene
expression, we isolated Dnmtl™"*F: VillinCre mutant and
Dnmt1*”* control progenitor cells using infrared (IR) laser
capture (Fig. 2A,B). We isolated ~10,000 cells from the proximal
jejunum of each biological replicate and performed RNA-Seq to
investigate the global transcriptome of intervillus progenitor cells. By
combining the transcriptome data with our immunostaining analysis
we were able to correlate gene expression changes with protein
expression and localization alterations in the Dnm¢t[-ablated intestinal
epithelium.

We found that Dnumtl expression was reduced by ~90% in our
mutant samples, with the remaining Dnmt] transcripts stemming
from contaminating mesenchymal or Cre-escaper cells, as indicated
by RNA-Seq analysis of Dnmt] exon 5, which is excised upon Cre
activation (Jackson-Grusby et al., 2001) (supplementary material

Fig. S5B). By contrast, Dnmt3a and Dnmt3b mRNA levels were
unaffected, in agreement with our previous observations
(supplementary material Fig. S5A). Several imprinted genes,
including H19, were misregulated in mutant cells (Table 1), as
expected. DAVID gene ontology (GO) analysis (Ashburner et al.,
2000) did not define any specific terms for upregulated genes in our
mutants, although we found increased expression of several
differentiation-related genes (Table 1, Fig. 2C).
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Fig. 2. RNA-Seq analysis reveals decreased expression of crucial
cell-cycle regulators in Dnmt1-deficient progenitor cells. (A,B) Collection
of intervillus regions (encircled) before (A) and after (B) LCM. (C) DAVID GO
analysis of genes with transcripts that are downregulated in PO Dnmt1-deficient
epithelial cells as determined by RNA-Seq. (D,E) Co-staining for Ki67 (green)
and lysozyme (red) in control and Dnmt1 mutant intestine. A fraction of non-
replicating Dnmt1~ cells exhibits increased lysozyme protein levels (E, arrows),
a marker for Paneth cell differentiation, relative to controls (D).

(F,G) Immunohistochemistry (IHC) showing that in controls p21 protein is
confined to differentiated cells in the villus; in Dnmt1 mutants, expression is
strikingly increased in intervillus regions (black bracket in F versus red bracket
in G). (H,I) Dnmt1 immunohistochemistry on serial sections confirms Dnmt1
ablation in cells indicated by red brackets in G,I. Scale bars: 50 pm.
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Table 1. Genes differentially expressed between Dnmt1/oxP/loxP,
VillinCre and Dnmt1'>*P"* intestine

Gene ID Fold change P-value
Differentiation genes
Lyz 7.10 3.50E-30
Defa20 4.19 2.31E-3
Ang4 2.61 6.94E-9
Chga 1.56 8.95E-4
Alpi 1.31 1.02E-2
DNA replication genes
Foxm1 0.53 4.07E-7
Mcm10 0.53 4.84E-6
Top2a 0.57 2.22E-5
Ccnb1 0.59 1.34E—4
Mcm6 0.60 6.45E-5
Dna2 0.61 4.08E—4
Cdk2 0.61 6.73E—4
Cdk1 0.64 9.93E-4
DNA damage response genes
Cdkn1a 2.28 5.16E-11
Mih1 0.54 1.61E4
Msh3 0.59 2.04E-4
Pms2 0.63 5.01E-3
Brca2 0.64 2.07E-3
Chek2 0.64 8.10E-3
Atm 0.69 3.64E-3
Imprinted genes
H19 3.07 1.53E-15
Plagl1 1.95 6.16E-8
Nespas 0.38 4.16E-3
Slc22a3 0.12 1.47E-5

RNA-Seq data from LCM tissue for genes of interest. Fold change indicates
expression levels relative to control. FDR<0.1.

Partial induction of differentiation markers in Dnmt1-
deficient progenitor zones
To test the possibility of premature differentiation of progenitor cells,
we combined our RNA-Seq results with immunostaining for markers
of differentiated cells present in the neonatal intestine, including
enterocytes, goblet cells and enteroendocrine cells. These experiments
did not reveal consistent differences in goblet cell differentiation and
localization compared with age-matched controls (supplementary
material Fig. SOM-P). There were small but statistically significant
increases in alkaline phosphatase (4/pi) and chromogranin A (Chga)
expression in mutant progenitors as determined by RNA-Seq
(Table 1). However, the vast majority of mutant intervillus
progenitor cells were neither Alpi® nor Chga' (supplementary
material Fig. S6A-H), suggesting that premature differentiation is
not the predominant cause of the Dnmt] mutant phenotype.
Lysozyme" Paneth cells do not appear in the normal mouse
intestinal epithelium until crypt maturation begins at ~P10, and
drastically increase in number from P14 to P24 during crypt fission
(Bry et al., 1994). Interestingly, lysozyme 1 and 2 (Lyz) expression
was found to be markedly increased by RNA-Seq,
immunofluorescent staining and qRT-PCR in Dnmtl-ablated
intestinal progenitors relative to controls (Table 1, Fig. 2D,E;
supplementary material Fig. S6I-L and Fig. S5C). Further analysis
of RNA-Seq data showed that mutant progenitors exhibit increased
expression of several Paneth cell-related genes, including Ang4,
Defa20 and Pla2g2a (Table 1) (Bevins and Salzman, 2011). Thus, it
appears that a fraction of mutant progenitors halt the cell cycle and
prematurely differentiate into Paneth cells. However, our staining
clearly indicates that only a small fraction of mutant progenitors are
differentiated (Fig. 2D.E; supplementary material Fig. S6I-L),
suggesting that other pathways, such as apoptosis, might also be
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activated. It is important to note that the perinatal progenitor zone is
not a homogeneous stem cell population; indeed, there might be
subpopulations of different progenitor cell types that are leading to
the variable phenotypes we observe.

Dnmt1-ablated progenitor cells exhibit altered mRNA
expression and DNA methylation of cell cycle and DNA
damage response genes

GO analysis of downregulated genes indicated significant
enrichment for the GO terms ‘cell division’, ‘DNA replication’
and ‘DNA damage response’ (Fig. 2C). A subset of these
misexpressed genes, including Atm, Chek2, p21 (p21¢"F1"AF! or
Cdknla) and Mihl, were confirmed in three independent LCM
samples by qRT-PCR (supplementary material Fig. S5C,D). These
results demonstrate that loss of Dnmtl causes decreased expression
of DNA damage response and cell cycle-related genes. Dnmtl is
known to play a crucial role in genomic stability, as ablation of
Dnmtl in cell lines can result in mitotic defects and G2/M arrest
(Chen et al., 2007) or DNA replication errors and activation of the
G1/S checkpoint (Knox et al., 2000; Unterberger et al., 2006).
Additionally, loss of Dmmtl in murine embryonic stem cells
increases mitotic mutation rates (Chen et al., 1998), further pointing
to the necessity of Dnmtl in maintaining genomic integrity.

Our RNA-Seq data showed increased expression of the p53 target
p21, which has an established role in activating the G1/S and G2/M
phase checkpoints and inducing cellular senescence (Table 1;
supplementary material Fig. S5D) (Bunz et al., 1998; Deng et al.,
1995). p21 is often increased in response to DNA damage, and
inhibits the transcription of many genes involved in cell cycle
progression, leading to cell cycle arrest (Chang et al., 2000).
Furthermore, p21 has been shown to be upregulated in response to
loss of Dnmtl in CRC cell lines (Chen et al., 2007), and several
studies suggest that p2] expression is controlled by DNA
methylation (Allan et al., 2000; Brenner et al., 2005; Zhu et al.,
2003). Immunostaining confirmed an increase in p21 protein levels
in the DnmtI-ablated intervillus epithelium compared with control
progenitor cells, whereas p21 levels in postmitotic villus cells were
comparable between the two genotypes (Fig. 2F-I). Taken together,
our transcriptome and immunostaining analyses suggest that
DnmtI-deficient cells undergo cell cycle arrest.

To further interrogate the extent of hypomethylation and the
mechanism underlying the Dnmtl"*""<F:  VillinCre mutant
phenotype, we performed LCM and targeted bisulfite sequencing
near the promoter regions of Atm, Chek2, p21 and MIhl. We
examined the methylation near the transcription start site (TSS) of
these genes, but due to the presence of CpG islands in the proximal
promoters of all four genes the baseline methylation levels in
controls were only 0-5% (data not shown). Next, we analyzed low-
density CpG clusters in putative regulatory regions 2-4 kb upstream
of each TSS, and found that in all four cases the regions analyzed
were significantly demethylated in the Dnmtl-deficient gut
epithelium compared with the control (Fig. 3). The drastic loss of
DNA methylation correlated with either increased or decreased
mRNA levels, depending on the gene (Table 1; supplementary
material Fig. S5C,D), suggesting that the upstream regulatory
elements that we analyzed might function as enhancer (p27) or
silencer (Chek2, Atm, MIh1) regions (Jones and Takai, 2001).

Dnmt1 ablation results in increased DNA damage and
apoptosis in the progenitor zone

Given the activation of apoptosis reported in other models following
loss of Dnmtl (Chen et al., 2007; Jackson-Grusby et al., 2001; Li
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et al.,, 1992), we investigated the levels of apoptosis and DNA
damage in mutant intestinal progenitors. In control progenitor
regions, as expected, there were no apoptotic cells, as dying
epithelial cells are normally confined to the villus tip (Fig. 4A) (Hall
et al., 1994). Surprisingly, we found a significant number of
apoptotic progenitor cells in mutant tissue (Fig. 4B), increased more
than 50-fold relative to littermate controls (Fig. 4C). To evaluate if
increased apoptosis was confined to Dnmtl-deficient, non-
replicating intervillus cells, we co-stained to confirm loss of Ki67
in TUNEL" areas (supplementary material Fig. S7A-F). These data
demonstrate that ablation of Dnmtl not only blocks proliferation,
but also induces cell death in the progenitor compartment of the
perinatal intestine. The variability in the amount of cells undergoing
apoptosis at any one point in time reflects the stochastic cell death
observed in the global Dnmt!/ mutant embryos (Jackson-Grusby
et al., 2001; Li et al., 1992), but might also be due to the action of
Cre in progenitor cells at different points during development.

We considered the possibility that apoptosis of DnmtI-deficient
progenitors might be the result of activation of the DNA damage
response. Hypomethylation causes genomic instability and increased
mutation rates, which can lead to activation of cell cycle checkpoints
and the DNA damage response (Chen et al., 1998, 2007; Loughery
et al., 2011). In addition, our own data demonstrate increased p21
levels in Dnmt] mutant intervillus cells (Fig. 2F,G), which indicates

cell cycle arrest. To assess activation of the DNA damage response in
our mutants directly, we stained for YH2AX foci, which accumulate
at double-strand DNA breaks (Fig. 4D,E; supplementary material
Fig. S7G-L). We found a more than 1000-fold increase in YH2AX
foci (P<0.001) in the mutant intervillus intestinal epithelium relative
to littermate controls (Fig. 4F; compare red brackets in Fig. 4D with
4E). These results indicate that loss of Dnmt1 causes increased DNA
damage, cell cycle arrest and subsequent cell death.

Adult Dnmt1-ablated crypt cells maintain methylation of DNA
damage response genes

Given the opposing phenotypes that we describe above for the
neonatal intestine versus that observed in mice with Dnm¢1 ablation
in the adult gut epithelium (Sheaffer et al., 2014), we also analyzed
DNA methylation in the adult crypt epithelium. Global methylation
of repetitive LINE1 elements and the imprinted H19 locus is
reduced in adult mice with intestinal epithelial-specific Dnmtl
ablation to about the same extent as that seen in the perinatal
ablation model described here (compare supplementary material
Fig. S8A,B with Fig. 1G,H). Strikingly, however, p21 and Chek?2
are not demethylated in the adult Dnmtl ablation model
(supplementary material Fig. S8C,D) and Atm is only
significantly demethylated when comparing the entire gene region
relative to control crypt epithelium (supplementary material
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Fig. S8E). MIhl is demethylated to a greater extent than the other
genes analyzed (supplementary material Fig. S8F), indicating that
Mihl is particularly sensitive to loss of Dnmtl. These results
demonstrate that loss of Dnmtl in the adult epithelium is not
equivalent to the loss of Dnmtl in the neonatal epithelium. We
postulate that the differing requirement for Dnmtl maintenance
DNA methylation between the adult crypt compartment and the
intervillus regions of the neonatal gut might be related to the more
than 2-fold higher fractional proliferation rate of the latter compared
with the former (supplementary material Fig. S9) (Itzkovitz et al.,
2012). We next sought to determine the differential requirement for
Dnmtl in developing versus mature intestinal epithelial crypts in an
in vitro organoid culture system.

Dnmt1 is required for establishing organoids in vitro

To demonstrate that Dnmtl is required for organoid crypt culture
from perinatal intestine, we employed EDTA disassociation to
isolate intestinal epithelia from P1 Dnmt 1"~ . VillinCre mutants
and Dnmt1"*"oxP littermate controls (Fig. 4G). We grew these
perinatal organoid cultures in Matrigel with the ‘ENR’ (EGF, noggin,
R-spondin) growth factor cocktail, allowing us to observe the
development and maintenance of the perinatal intestinal epithelium
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Fig. 4. Ablation of Dnmt1 in the immature intestine

results in loss of progenitor cells via apoptosis

in vivo and in vitro. (A,B) TUNEL staining (red)
o demonstrates increased levels of apoptosis in PO
Dnmt1 mutant progenitor cells (A) as compared with
the control (B). (C) TUNEL" intervillus nuclei within
20 pym of the epithelial base (red brackets in A,B) were
quantified in Dnmt1 mutants and litermate controls
(n>5). (D,E) Dnmt1 mutant progenitors (E) have
increased DNA double-strand breaks compared with
controls (D), as determined by YH2AX staining (red).
(F) Quantification of yH2AX" cell number as
performed for TUNEL" cells (n=4) within 20 pym of the
*kk epithelial base (red brackets in D,E). (A,B,D,E)
E-cadherin immunostaining (green) to outline the
epithelium and DAPI staining (blue) of nuclei.
(G) Experimental scheme for P1 Dnmt 1" (n=3)
and Dnmt1" PP iilinCre (n=2) intestinal organoid
cultures. (H) Average number of organoids per well
during the timecourse of the experiment. Organoids
were grown in triplicate for each biological replicate.
(I-N) Live phase-contrast imaging of Dnmt1'~"ox"
control and Dnmt1"*F"*F- \/jjlinCre mutant organoids
on each day of culture. Surviving mutant organoids on
day 5 persisted as very small cysts (N), whereas
controls were considerably larger and exhibited
budding activity (M). Phase-contrast images were all
captured at 10x magnification. Error bars indicate s.e.
m. *P<0.05, **P<0.01, ***P<0.001, two-tailed (C,F) or
one-tailed (H) Student’s t-test. Scale bars: 50 pm.

Mutant
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in real time (Sato et al., 2009). We counted the number of organoids
per well on days 3-5 of culture, and observed very few organoids
(<10 per well) established from the Dnmti’*”"C: VillinCre
intestinal epithelium as compared with the robust establishment of
organoids (>150 per well) from control gut (Fig. 4H). On day 4, we
observed nascent buds in the control Dnumtl"®"*<F organoids
(Fig. 4K), but little sustained growth from the Dnmtl’*F1oxF;
VillinCre organoids (Fig. 4L). By day 5, it was apparent that no
healthy budding organoids were produced from the Dnmtl mutant
intestine, in contrast to the littermate controls (Fig. 4H,M,N). These
results strongly support our in vivo data showing that Dnmtl is
essential to maintain perinatal intestinal progenitor cells.

To further probe the mechanism underlying the difference
between the neonatal and adult Dnmtl ablation phenotypes, we
employed Dnmtl'oF . VillinCreER™ (Sheaffer et al., 2014)
mice for in vitro organoid experiments. The VillinCreER™
transgene allows temporal control of Dnmtl ablation via the
addition of 4-hydroxytamoxifen (4OHT) to cells in culture. We
hypothesized that Dnmtl might be necessary for establishing the
crypt compartment in neonatal mice but is not required for the
maintenance and survival of mature crypts in adult mice. To test this
hypothesis, we isolated crypts from adult Dnmtl/o7"*F and
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Dnmt1'*P"oxP . VillinCreER™ mice and ablated Dnmtl at two
different time points during organoid growth. In one set of
experiments, we added 4OHT during the first 2 days of culture,
when organoids are growing but have not yet established buds
and crypt structures (Sato et al., 2009) (supplementary material
Fig. S10A). For the second set of experiments, we added 4OHT on
days 5-7 of culture, after organoids had established proper crypt
hierarchy in budding outgrowths (Sato et al., 2009) (supplementary
material Fig. S11A).

In the ‘early’ experiments, in which Dnmtl had been acutely
ablated by addition of 4OHT, Dnmtl-deficient organoids failed
to grow beyond small cyst-like structures, whereas control organoids
began to exhibit buds by day 4 (supplementary material Fig. S10B-E).
Dnmtl immunostaining confirmed loss of the enzyme in 4OHT-
treated VillinCreER™ ™ organoids (supplementary material Fig. S10I).
Addition of EdU to the medium 2 h prior to cell harvest allowed
analysis of the replication rate. There were almost no EAU™ cells in the
40HT-treated DnmtI-ablated organoids, in contrast to controls in
which replicating cells were abundant (supplementary material Fig.
S10J-M). TUNEL staining demonstrated an increase in the frequency
of TUNEL" apoptotic nuclei in surviving Dnmt[-ablated organoids as
compared with controls (supplementary material Fig. S10N-Q).
Overall, the loss of Dnmtl during the establishment of organoid
cultures parallels the phenotype seen in the perinatal Dnmt /XX,
VillinCre mutant intestine, strongly suggesting a unique role for
Dnmtl in crypt development.

In stark contrast, the addition of 4OHT on days 5-7 of organoid
culture, after large, multi-crypt organoids had formed, had little effect
on the growth and replication of mature organoids (supplementary
material Fig. S11B-E,J-M). We confirmed loss of Dnmt1 in 4OHT-
treated  VillinCreER™" organoids by immunohistochemistry
(supplementary material Fig. S11F-I). Additionally, TUNEL
staining demonstrated no increase in the apoptosis rate in the
40HT-treated Dnmtl-ablated mature organoids (supplementary
material Fig. SIIN-Q). These results support our hypothesis that
Dnmtl performs unique functions in the developing intestinal
epithelium, and plays a role in the establishment but not
maintenance of crypts postnatally.

DISCUSSION

Taken together, our RNA-Seq, immunostaining and organoid data
reveal a crucial role for Dnmtl in maintaining DNA methylation
patterns, genomic stability and progenitor cell status during
intestinal development in vivo. We observed significant genome-
wide DNA demethylation by targeted bisulfite sequencing of the
LINE1 locus and the H19 ICR (Fig. 1G,H). Our RNA-Seq and
immunostaining data demonstrate that Dnm¢t1-deficient progenitors
express decreased levels of genes essential for mitosis and
chromosome segregation (Table 1, Fig. 2C) and have increased
rates of double-strand breaks (Fig. 4D-F). An increased rate of
double-strand breaks during S phase of the cell cycle activates the
G1/S checkpoint, mediated by p53 and p21. Indeed, increased p21
expression in the Dnmtl-deficient epithelium indicates that this
checkpoint is active in mutant cells (Fig. 4G,H; supplementary
material Fig. S5D). However, downstream targets of the DNA
damage response pathway, including Atm, Chek2 and MIh1, exhibit
decreased expression by RNA-Seq (Table 1; supplementary
material Fig. S5C), suggesting that Dnmtl-deficient intestinal
progenitor cells are unable to activate the normal response to
accumulated DNA damage. As a result, these Dnmtl-deficient
progenitors undergo apoptosis, which leads to global loss of the
intestinal epithelium (Fig. 4A-C). These findings are supported by

previous studies implicating a requirement for Dnmtl in DNA
replication (Knox et al, 2000), the DNA damage response
(Loughery et al., 2011; Mortusewicz et al., 2005; Unterberger
et al., 2006) and cell cycle arrest (Chen et al., 2007).

Our results demonstrate an essential role for Dnmtl in
maintaining epithelial genomic integrity during perinatal intestinal
development. Interestingly, when we ablated Dnmtl in the adult
intestinal epithelium using a tamoxifen-inducible VillinCreER™
transgene, we did not observe a requirement for Dnmt1 in crypt cell
survival, despite demethylation at the LINE1 locus (supplementary
material Fig. S8A) (Sheaffer et al., 2014). These opposing
phenotypes raise several questions. It is possible that, in the adult
intestinal epithelium, loss of Dnmt1 protein is compensated by the
de novo methyltransferases Dnmt3a and Dnmt3b. More likely, the
unique requirement for Dnmtl in newborn mice is due to the
significantly increased replication rate of neonatal progenitors
compared with adult crypt cells (Itzkovitz et al., 2012). As shown in
supplementary material Fig. S9, the neonatal intestinal epithelium
displays twice the fractional proliferation rate than that of adult mice.
Thus, we hypothesize that as the neonatal Dnmtl-ablated cells
divide their DNA methylation levels are rapidly reduced, and
Dnmt3a and Dnmt3b do not compensate for this loss. The high rate
of proliferation in the neonatal intestine also distinguishes these
findings concerning the developing intestine from studies of
neuroblasts (Fan et al., 2001) or embryonic pancreas (Georgia
et al., 2013).

Another possibility to explain the diverging phenotypes of adult
and neonatal intestinal Dnmt/ ablation is that DNA methylation
might not be crucial for cell survival and function in the mature
crypt architecture. This explanation is supported by our organoid
culture experiments (Fig. 4G-N; supplementary material Figs S10
and S11). The perinatal Dnmtl-deficient intestine fails to
successfully produce organoids, in contrast to littermate controls
(Fig. 4G-N). To test the differing requirements for Dnmtl during
organoid crypt development and maintenance, we used the
inducible Dnmt1"<""ox? . VillinCreER™ system (Sheaffer et al.,
2014). When Dnmtl was ablated before budding structures appear,
organoids failed to thrive and eventually died (supplementary
material Fig. S10). However, ablation of Dnmt1 after organoid buds
and the ISC niche are established had little effect on the
maintenance of replicating progenitors (supplementary material
Fig. S11).

Several recently published studies analyze the differences
between fetal progenitors and adult ISCs (Fordham et al., 2013;
Mustata et al., 2013). Fordham and colleagues report that intestinal
progenitor cell maturation correlates with increased Wnt signaling.
In their study, Lgr5" cells isolated from neonatal intestine produced
budding organoids, with high expression of adult stem cell markers.
Lgr5™ cells isolated from the same neonatal tissue formed fetal
enterospheres (FENS), which expressed low levels of Wnt factors
and ISC markers and did not display budding activity. Our results
strongly support the notion that adult and perinatal intestinal
progenitors are not equivalent populations and have differential
requirements for cell maintenance.

In conclusion, we have demonstrated an important role for Dnmt 1
in establishing intestinal epithelial crypts following birth. We
suggest that Dnmt] is essential during the first few weeks of life to
maintain genomic methylation patterns during this period of intense
cellular proliferation and villus growth, and to prevent genome
alterations that lead to progenitor cell death. Future research in this
field should focus on the varying requirements for DNA
methylation during development, particularly in supporting
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genomic stability and proliferation during organ development, in
contrast to those necessary in adulthood.

MATERIALS AND METHODS

Mice

Dnmt1'”"%* mice were kindly provided by Rudolf Jaenisch (Jackson-
Grusby etal., 2001), VillinCreER™ mice by Sylvia Robine (El Marjou et al.,
2004) and VillinCre mice from The Jackson Laboratory (Madison et al.,
2002). Genotyping was performed by PCR analysis. For 2-h EdU analysis,
we intraperitoneally injected 0.1 mg EdU (Invitrogen) for PO mice and 1 mg
EdU for 3-month-old adult mice. All procedures involving mice were
conducted in accordance with approved Institutional Animal Care and Use
Committee protocols.

Histology, immunohistochemistry and immunofluorescence
Intestines were fixed overnight in 4% paraformaldehyde (PFA) and
embedded in paraffin. Hematoxylin and Eosin (H&E) staining was used to
assess the global morphology of intestinal epithelial specimens. For all
antibody staining, slides were dewaxed and antigen retrieval was performed
using the 2100 Antigen-Retriever and R-Buffer A (Electron Microscopy
Sciences). Standard immunohistochemistry staining was performed for
Dnmtl (Santa Cruz, 20701) and Ki67 (BD Pharmingen, 550609). p21
immunohistochemistry (BD Pharmingen, 556430) was performed as
described previously (van de Wetering et al., 2002). Standard
immunofluorescence procedures were performed with the following
antibodies: Chga (Immunostar, 20085), Ki67 (BD Pharmingen, 550609),
Dnmt3a (Santa Cruz, 20703), Dnmt3b (Imgenex, 184A), E-cadherin (BD
Transduction Laboratories, 610181), lysozyme (Dako, A0099), Mucin2
(Santa Cruz, 15334) and YH2AX (Cell Signaling, 2577L). Co-staining was
accomplished by sequential IHC and IF staining. Alkaline phosphatase
staining was performed using NBT and BCIP (Boehringer). An
immunofluorescent TUNEL assay (Roche) was used to assess apoptosis.
For cell replication analysis, we used the Click-iT EdU Alexa Fluor 555
Imaging Kit (Invitrogen). All microscopy was performed on a Nikon
Eclipse 80i. For further details of staining procedures, including antibody
dilutions, see the supplementary Materials and Methods.

Cell counting

For villi quantification, H&E-stained tissue sections were scanned at 10x
using MetaMorph software (Molecular Devices). Per biological replicate,
villi were counted for >20 mm tissue, measured using ImageJ (Schneider
et al., 2012). For TUNEL and yH2AX quantification, 500 intervillus cells
were counted at 20x for each biological replicate. Intervillus cells were
defined as 20 um from the base of the intestinal epithelium.

For EdU quantification, we harvested jejunum from five Dnmt
3-month-old adult mice and three litters of Dnmt1"""**F PO mice (four
mice per litter). We defined the crypt-villus subunit as the epithelium lying
between the peaks of two adjacent villi that share the same crypt. We
counted the total number of EAU" nuclei per crypt/intervillus region, and
divided this number by the total number of nuclei per crypt-villus subunit.
Per adult sample, we counted ~8 crypt-villus subunits; per PO sample, we
counted ~25 crypt-intervillus subunits.

IloxP/loxP

Laser capture microdissection, RNA-Seq and mRNA expression
analysis

Laser capture microdissection (LCM) was performed from unstained
sections of paraffin-embedded, methacarn-fixed proximal jejunum for three
controls and two mutants, as described previously (Miyoshi et al., 2012).
Details of the identification of mutant versus non-mutant intervillus cells are
provided in the supplementary Materials and Methods. Captured cells were
collected onto CapSure HS LCM Caps (Applied Biosystems) and total
cellular RNA was extracted using the PicoPure RNA Isolation Kit (Applied
Biosystems). RNA concentration and quality were assessed on a
2100 Bioanalyzer (Agilent Technologies). Total RNA isolated by LCM
(2.3-33.3 ng per sample) was amplified using the Ovation RNA-Seq System
V2 (NuGEN). 300 ng of each sonicated cDNA sample was used for RNA-
Seq library preparation. cDNA sequencing libraries were completed using
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the NEBNext Ultra RNA Library Prep Kit for [llumina (New England
Biolabs), Illumina multiplexing adaptors, and the NEBNext ChIP-Seq DNA
Sample Prep Reagent Set 1 Kit (New England Biolabs). Single-read
sequencing was performed on the Illumina HiSeq 2000 (100 bp reads).

Reads (a minimum of 25 million per sample, ~80% unique mapped
reads) were aligned to the mouse reference genome (NCBI build 37, mm9)
using TopHat (Trapnell et al., 2012). TopHat was run with the University of
California at Santa Cruz refFlat annotation file (GTF format) and the ‘—no-
novel-juncs’ option to map reads only in the reference annotation. Cutdiff
was used to calculate gene expression levels (Trapnell et al., 2012). mRNA
levels were expressed in reads per kilobase of transcript per million mapped
reads (RPKM). GO analysis was performed using DAVID (Ashburner et al.,
2000). Cutdiff results were filtered by false discovery rate (FDR)<0.1 and
separated into two categories: upregulated genes and downregulated genes.
DAVID functional annotation analysis was performed separately for each
gene set.

LCM, bisulfite conversion and lllumina MiSeq

In parallel experiments, DNA was isolated from mutant (»=4) and control
(n=4) proximal jejunum using a Leica LMD7000 laser microdissection
microscope and the Arcturus PicoPure DNA Isolation Kit (Applied
Biosystems). LCM-isolated DNA was bisulfite converted and purified
using the Epitect Bisulfite Kit (Qiagen). Template DNA was amplified using
the HiFi HotStart Uracilt+ ReadyMix PCR Kit (Kapa Biosystems). The
LINEI and H79 PCR assays were described previously (Lane et al., 2003;
Samuel et al., 2009). Additional primer sets were designed using PyroMark
software (Qiagen) and are listed in supplementary material Table S1. Adult
Dnmt1*PF - VillinCreER™ mutant and Drmt1'""*F control crypt DNA
were kindly provided by Sheaffer et al. (2014).

Sequencing libraries were made using the Ovation SP Ultralow Library
System and Mondrian SP+ Workstation (NuGEN). Libraries were pooled at
8 nM and sequenced on the Illumina MiSeq Sequencer (MiSeq v2 Reagent
Kit, 300 cycles paired-end). Converted sequence was aligned to the mouse
genome (NCBI build 37, mm9) using BS Seeker (Chen et al., 2010).

RNA isolation and qRT-PCR

Total RNA was isolated from proximal jejunum of whole neonatal intestine
using the Trizol RNA isolation protocol (Invitrogen). qRT-PCR was
performed as described previously (Gupta et al., 2007). Primer sets are listed
in supplementary material Table S2.

For confirmation of RNA-Seq results, proximal jejunal RNA samples
were collected by LCM using the LMD7000 as described above.
Approximately 10,000 cells were collected per sample. RNA was isolated
and cDNA amplified using the protocols described for the RNA-Seq
libraries. SYBR Green qPCR Master Mix (Agilent) was used in all gPCR
reactions, and the fold change was calculated relative to the geometric mean
of five reference genes (7bp, Actb, Rplp0, Polr2b and B2m) using the ACT
method as described previously (Vandesompele et al., 2002). Primer sets are
provided in supplementary material Table S2.

Organoid culture
For neonatal Dnmt1'*""*F (n=3) and Dnmt1'"**""F; VillinCre (n=2)
organoid culture, duodenum and jejunum were opened longitudinally in
cold PBS, cut into 10 mm pieces, and incubated in EDTA. Vigorous
pipetting released the epithelia from the tissue, and cells were embedded in
Matrigel (BD Biosciences) for cell culture as described previously (Sato
et al., 2009). All organoids were grown at 37°C in 5% CO,. Cell medium
(Advanced DMEM/F12, Invitrogen) was supplemented with GlutaMax
(1x), Hepes (10 mM), Pen/Strep (1x), N2 (1x), B27 (1x) (all Invitrogen)
and N-acetylcysteine (1.25 mM; Sigma). The following growth factors
were added to media: mouse EGF (50 ng/ml; Invitrogen), mouse noggin
(100 ng/ml; Peprotech) and human R-spondin (1 ug/ml; Peprotech). For the
first 2 days of neonatal organoid growth, cultures were also supplemented
with Y-27632 (10 uM; Sigma) and CHIR-99021 (3 uM; Biovision). The
medium was changed every other day.

Crypts were isolated from jejunum of 3-month-old Dnmzl"@"o*P,
VillinCreER™ (n=4) and Dnmt1'>""*F (n=2) mice for organoid culture as


http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.117341/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.117341/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.117341/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.117341/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.117341/-/DC1

RESEARCH ARTICLE

Development (2015) 142, 2163-2172 doi:10.1242/dev.117341

described previously (Sato et al., 2009). The following growth factors were
added to media: mouse EGF, mouse noggin, human R-spondin and
CHIR-99021, as above. The medium was changed every other day. For
VillinCreER™ induction, 4OHT (Sigma, H7904) was added to organoid
media at a final concentration of 100 nm (Sato et al., 2009). After 48 h, the
40HT medium was removed and fresh medium was added to each well. At
100 nm, 40HT was not detrimental to Dnmt1*"***" control organoids at
either time point (supplementary material Figs S10 and S11).

Two hours prior to organoid harvest, EQU (Invitrogen) was added to each
well (10 pm). Organoids were harvested using cold PBS and were fixed in
4% PFA for 1h at 4°C. Organoid pellets were suspended in agarose,
embedded in paraffin, and sectioned for immunohistochemistry.

Data access

All RNA-Seq data generated in this study have been deposited in the NCBI
Gene Expression Omnibus (Edgar et al., 2002) under accession number
GSE67363.
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