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ABSTRACT
Preterm birth is the leading cause of infant morbidity and mortality. Necrotizing enterocolitis (NEC) is an
inflammatory bowel disease affecting primarily premature infants, which can be lethal. Microbial intestinal
colonization may alter epigenetic signatures of the immature gut establishing inflammatory and barrier
properties predisposing to the development of NEC. We hypothesize that a crosstalk exists between the
epigenome of the host and the initial intestinal colonizing microbiota at critical neonatal stages. By
exposing immature enterocytes to probiotic and pathogenic bacteria, we showed over 200 regions of
differential DNA modification, which were specific for each exposure. Reciprocally, using a mouse model
of prenatal exposure to dexamethasone we demonstrated that antenatal treatment with glucocorticoids
alters the epigenome of the host. We investigated the effects on the expression profiles of genes
associated with inflammatory responses and intestinal barrier by qPCR-based gene expression array and
verified the DNA modification changes in 5 candidate genes by quantitative methylation specific PCR
(qMSP). Importantly, by 16S RNA sequencing-based phylogenetic analysis of intestinal bacteria in mice at
2 weeks of life, we showed that epigenome changes conditioned early microbiota colonization leading to
differential bacterial colonization at different taxonomic levels. Our findings support a novel conceptual
framework in which epigenetic changes induced by intrauterine influences affect early microbial
colonization and intestinal development, which may alter disease susceptibility.

KEYWORDS
Antenatal glucocorticoid
treatment; developmental
origin of disease; DNA
modification profiling;
epigenome; intrauterine
influence; microbiome;
transcriptomic profiling

Introduction

Neonatal necrotizing enterocolitis (NEC) is an inflammatory
bowel disease affecting primarily premature infants. The etiol-
ogy of NEC is not completely understood. Preterm birth,
microbial colonization and enteral feeding are the primary risk
factors associated with this disease (reviewed in ref. 1). It has
been shown that the absence of beneficial commensal bacteria
and increases in potentially pathogenic bacteria in the preterm
intestine play a role in the development of NEC; 2,3 however, a
causal pathogen has not been identified. We have previously
demonstrated that in the healthy preterm infant there is a tem-
poral course to microbiome development with key clustering
prior to 2 weeks of life.2 Furthermore, we have shown that a
decrease in Firmicutes accompanied by a bloom of Gammapro-
teobacteria precedes the development of NEC.2 We thus sug-
gest that an optimal early microbial intestinal colonization
rather than a later pathogenic pattern may be key.

Epigenetic processes regulate early cellular differentiation
through interactions between genes and environment leading
to stable changes in cellular phenotype.4 Gestational epigenetic
changes (DNA and histone modifications, as well as expression
of non-coding RNAs) can have long-term consequences in the
phenotype of the offspring.5,6 Microbiota dynamic progression
begins prior to birth and stabilizes in early childhood. In

addition, it has been shown that colonizing microbiota can
induce epigenetic changes in the host.7-9 This interaction
between colonizing microbiota and the epigenome of the host
is a potential explanation for disease etiology.10,11

Relevant to preterm infants, at a molecular level, epigenetic
processes constitute a major mechanism by which environmen-
tal factors may establish a new phenotypic trait during the plas-
tic neonatal interval,12,13 Recent studies have suggested that
pre- and post-natal alterations to intestinal DNA methylation
patterns contribute to high NEC susceptibility in preterm neo-
nates.14 An optimal early gut colonization may alter epigenetic
signatures to establish inflammatory and barrier properties that
protect against later insults that trigger NEC. It has also been
shown that the epigenome of the host can be altered prior to
exposure to early microbiota by gestational environmental
exposures (e.g., nutrition, infection, drugs) or due to transge-
nerational inheritance.15,16 We thus additionally postulate that
host epigenome may condition the normal progression of
microbiota upon early exposure after birth, thus introducing
another influence to disease risk in the neonatal period or later
in life.

In the present study, we hypothesize that a dynamic cross-
talk exists between the epigenome of the host and the initial
colonizing microbiota at critical neonatal stages. We propose

CONTACT Erika C. Claud eclaud@peds.bsd.uchicago.edu
Supplemental data for this article can be accessed on the publisher’s website.

*These authors contributed equally to this work
© 2016 Taylor & Francis Group, LLC

EPIGENETICS
2016, VOL. 11, NO. 3, 205–215
http://dx.doi.org/10.1080/15592294.2016.1155011

http://dx.doi.org/10.1080/15592294.2016.1155011
http://dx.doi.org/10.1080/15592294.2016.1155011


2 complementary mechanisms by which the epigenome and
microbiome may interact to affect health: i) the initial coloniz-
ing microbiota may induce epigenetic alterations in the imma-
ture intestinal epithelial tissue leading to phenotypic change,
modeled in vitro using probiotics vs. pathogenic bacterial inter-
action with intestinal epithelial cells, and ii) epigenetic changes
induced during fetal life by the intrauterine environment may
influence the composition of the early intestinal microbiota
itself, modeled in vivo by dexamethasone administration to
pregnant mouse dams. These early epigenome-microbiome
interactions may impact the establishment of an optimal
microbiome as well as host responses, along with subsequent
susceptibility to or protection against disease.

Results

Differential DNA modification patterns in fetal and adult
epithelial cells exposed to probiotics or pathogenic
bacteria

To determine the effect of direct bacteria-enterocyte interaction
on the alteration of DNA modification patterns, we exposed
human intestinal epithelial cell lines H4 (fetal, immature) and
NCM460 (adult, mature) to i) probiotics (Lactobacillus aci-
dophilus and Bifidobacterium infantis, LCBH4 and LCBad

groups) or ii) Klebsiella spp., a gram-negative bacteria represen-
tative of the Gammaproteobacteria dominance of preterm
infants (KSSH4 and KSSad groups).17 A different pattern of
DNA modification was observed between the treated group
(exposed to either LCBH4 or KSSH4 group) and unexposed con-
trols (CTRH4 group).

As shown in Fig. 1A, in immature intestinal epithelial cells
(H4), we identified significant DNA modification differences in
92 ROIs (44 and 48 with increased and decreased DNA modifi-
cation, respectively) in response to LCB exposure, and 180
ROIs (73 and 107 with increased and decreased DNA modifica-
tion, respectively) in response to KSS exposure (P < 0.05, Bon-
ferroni corrected t-test) (Fig. 1A, Supplementary Table S1).
ROIs were associated with 114 and 222 unique RefSeq genes
for the LCBH4 and KSSH4 groups, respectively. More than 30%
of the differentially modified probes (n D 33 and n D 56 for the
LCBH4 and KSSH4 groups, respectively) were associated with
the gene transcriptional start site (TSS), suggesting a role for
epigenetic regulation of gene expression.

Gene ontology (GO) terms associated with transcriptional
regulation were overrepresented in genes with increased and
decreased DNA modification in the LCBH4 group and
decreased DNA modification in the KSSH4 group, when com-
pared to the CTRH4 group (Fig. 1B). In the KSSH4 group, genes
associated with cytoskeleton/actin remodeling and cell adhe-
sion functions were also overrepresented in ROIs with
decreased DNA modification compared to the CTRH4 group
(Fig. 1B). Twenty transcript-associated ROIs showed significant
differential DNA modification in both groups (LCBH4 and
KSSH4) when compared to the CTRH4 group (Fig. 1C). GO
analysis revealed that genes associated with nucleotide binding
mechanisms were overrepresented in these ROIs (Fig. 1C).

The DNA modification profiles from the adult NCM460
cells were completely different from those from the fetal H4

cells. Even without exposure to any bacterial community
(Supplementary Fig. S1), we detected more than 200,000
regions with differential DNA modifications (P < 0.05, Bonfer-
roni corrected t-test) between the 2 groups. By increasing the
stringency of the cutoff values (absolute log2FC > 5 and P <

0.001, Bonferroni corrected t-test, Supplementary Table S2) we
identified 107 regions with differential DNA modifications (16
and 91 with increased and decreased DNA modification in
NCM460 cells, respectively) that distinguished H4 from
NCM460 cells based only on the DNA modification profiles.
(Supplementary Fig. S1). Exposure to probiotic (LCBad group)
or pathogenic bacteria (KSSad group) resulted in 96 (53
increased and 43 decreased DNA modification) and 117 (44
increased and 73 decreased DNA modification) ROIs com-
pared to the non-exposed controls (CTRad group), respectively
(P < 0.05, Bonferroni corrected t-test) (Supplementary
Fig. S2A, Supplementary Table S3). ROIs were associated with
65 and 89 unique RefSeq genes for the LCBad and KSSad
groups, respectively. GO terms analyses showed that genes
associated to glycosylation of proteins and lysosomes were
overrepresented among those showing increased and decreased
DNA modification after exposure to probiotic bacterial com-
munities (LCBad group). In turn, genes associated to chromatin
organization were overrepresented among those showing
decreased DNA modification after exposure to pathogenic bac-
terial communities (KSSad group). In genes showing increased
DNA modification in the KSSad group, there was no enrich-
ment of GO terms (Supplementary Fig. S2B). Thirty-seven
transcript-associated ROIs showed differential DNA modifica-
tion in both groups (LCBad and KSSad) when compared to
CTRad. Overrepresented GO terms in those ROIs were associ-
ated to chromatin organization (Supplementary Fig. S2C). The
proportion of ROI-associated transcripts showing differential
DNA modification in both groups was significantly higher in
NCM460 cells (37/336 transcripts) than in H4 cells (20/154
transcripts) (P D 1.03 £ 10¡5; OR D 6.81, 95%CI: 3.62–13.11;
Fisher’s Exact test).

Pathogenic bacteria effects on cytoskeleton in H4 cells

Since the KSSH4 group demonstrated a specific decreased DNA
modification of genes associated with cytoskeleton/actin
remodeling and cell adhesion functions, we investigated actin/
cytoskeletal function in H4 cells exposed to LCB or KSS and in
comparison to unexposed H4 controls (CTRH4 group). As
shown in Fig. 2, we identified an upregulation of F-actin in the
KSSH4 group with dense actin bundles assembled into stress
fibers (white arrows). The a-tubulin expression pattern in the
KSSH4 group was also altered. As shown in Fig. 2B, cells in the
KSSH4 group had less a-tubulin and less organized microtu-
bules, resulting in a more scattered pattern of cell growth.

Glucocorticoid effects on DNA modification in H4 cells

It is known that the natural glucocorticoid surge in late gesta-
tion is associated with changes in DNA methylation of the fetal
epigenome, and antenatal synthetic glucocorticoid treatment
for premature labor can prematurely initiate epigenetic changes
in the fetal genome.18,19 To evaluate the role of the synthetic
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glucocorticoid, dexamethasone, in modulating DNA modifica-
tion patterns in immature enterocytes, H4 cells were exposed
to dexamethasone for 48 h, and the global pattern of the modi-
fication change was examined (Supplementary Fig. S3). Com-
pared to untreated cells, we detected 147 regions with

differential DNA modifications with 75 and 72 regions with
increased and decreased DNA modifications, respectively. The
gene ontology analysis revealed that in the genes with increased
DNA modification, the top overrepresented GO terms corre-
sponded mainly to MHC antigen presentation and to

Figure 1. Epigenome variations in immature intestinal cells exposed to probiotic and pathogenic bacterial communities. A) Differential DNA modification in H4 cells
exposed to probiotic (LCBH4 group, left plot) or pathogenic (KSSH4 group, right plot). Ninety-two and 180 ROIs showed significant DNA modification differences (Bonfer-
roni corrected P-value < 0.05) for the LCBH4 and KSSH4 groups compared with the CTRH4 group, respectively. Microarray signal intensities (averaged b value, ABV) for
ROIs with significant differential DNA modification are depicted in the heatmap in a color scale from yellow (ABV D 0.0) over green (ABV D 0.5) to blue (ABV D 1). B) GO
analysis of the regions with differential DNA modifications identified in both comparisons. Red and green bars represent the FCE values in GO term for the genes with
increased and decreased DNA modification, respectively. C) Partial overlap of regions with differential DNA modification identified by comparing the epigenomes of
human H4 cells exposed to probiotic (LCBH4 group, yellow circle) or pathogenic (KSSH4 group, blue circle) bacteria with the unexposed cell cultures (CTRH4 group), respec-
tively. Distinctive GO profiles for regions with differential DNA modification detected only by comparing LCBH4 (upper panel) and KSSH4 (lower panel) groups with the
CTRH4 groups. Blue bars represent the FCE values for each particular GO terms in the overlapped genes.
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poly/monosaccharide metabolism. GO terms enriched in genes
with decreased DNA modification corresponded to cell adhe-
sion and morphogenesis.

Antenatal dexamethasone treatment leads to alteration of
gene expression and DNA modification profiles in the gut
of the offspring

Since dexamethasone is administered to pregnant women at
risk of preterm delivery, and dexamethasone treatment elicited
significant changes in DNA modification in immature entero-
cytes in vitro, we next examined how early exposure to dexa-
methasone may lead to alterations in the epigenome of the
offspring in vivo. We used a mouse model of prenatal exposure
to dexamethasone and investigated the effects of antenatal
dexamethasone treatment on the expression profiles of genes
associated with inflammatory responses and intestinal barrier
function in the ileal tissue of 2-week-old mouse pups. As a con-
trol group for epigenome variation, we treated pregnant mice
with a known inhibitor of DNA modification (5-azacytidine) in
a non-lethal dose. We used a qPCR array platform to assess 84
genes in parallel for the TLR and TJ functional groups, respec-
tively. The changes in gene expression levels (fold change
enrichment, FCE, values) between each treatment and the
unexposed control pups (CTR group) are listed in Supplemen-
tary Table S4.

In the TJ array, we identified 50 differentially expressed
genes (FCE � § 1.2; 31 and 19 up- and down-regulated,
respectively) for the offspring of dexamethasone treated
mothers (DEX group), and 82 differentially expressed genes
(FCE � § 1.2; 79 and 19 genes up- and down-regulated,
respectively) for the offspring of 5-azacytidine treated moth-
ers (AZA group), when compared to the offspring of
untreated mothers (CTR group). Bioinformatics analysis

showed that pathways related to immune cell migration
(e.g., leukocyte extravasation signaling –log(P-value): 34,
granulocyte adhesion and diapedesis –log(P-value): 19.6,
and granulocyte adhesion and diapedesis –log(P-
value):19.1), as well as epithelial barrier formation (epithe-
lial adherens junction signaling –log(P-value):4.71) were
among the canonical pathways overrepresented in the TJ
functional group (Supplementary Table S5, Fig. 3A).

We also identified 50 differentially expressed genes in the
TLR array (FCE � 1.2; 26 and 24 up- and down-regulated,
respectively) in the DEX group, and 79 differentially
expressed genes (FCE � 1.2; 57 and 22 genes up- and
down-regulated, respectively) in the AZA group. Among
the canonical pathways overrepresented in the TLR func-
tional group, we identified inactivated pathways related to
immune response (e.g., NF-kB signaling –log(P-value): 37,
role of pattern recognition receptors in recognition of bacte-
ria and viruses –log(P-value): 29.5, and TREM1 signaling
–log(P-value):25.1) (Supplementary Table S5, Fig. 3A). In
particular, for the NF-kB pathway, our results predict inac-
tivation of the inflammatory response through the IKK
complex and the activation of an alternate pathway for NF-
kB activation through proteasomal processing resulting in
transcriptional activation, lymphogenesis, and B-cell matu-
ration (Supplementary Fig. S4).

The majority of the genes showing differential expression
between the DEX and CTR groups also showed differential
expression between the AZA and CTR groups (44 out of 50
genes and 39 out of 50 genes for the TJ and TLR arrays,
respectively; Fig. 3B), suggesting that antenatal dexametha-
sone treatment alters DNA modification profiles of the off-
spring. We selected 5 candidate genes from the TJ [tight
junction protein 1 (Tjp1, also known as ZO-1), and cingulin
(Cgn)] and TLR pathways [myeloid differentiation primary

Figure 2. Immunohistochemistry study of actin/cytoskeleton change in immature intestinal cells exposed to probiotic and pathogenic bacterial communities. A) F-actin
was analyzed by fluorescent staining with Alexa 594 labeled phalloidin in H4 cells treated with media (CTRH4 group), probiotics (LCBH4 group) or pathogenic bacteria
(KSSH4 group). Images were captured using Olympus TIRF microscope and analyzed using Slidebook 6.0 software Representative areas are shown (magnification 400x).
White arrows indicate increased expression of actin bundle (stress fiber) in KSSH4 treated cells. B) Alpha-tubulin was analyzed by immunohistochemistry in H4 cells
(CTRH4, LCBH4 or KSSH4 group) using a monoclonal antibody. Representative areas (n D 2/per group) are shown (magnification 400x).
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response gene 88 (Myd88), toll interacting protein (Tollip),
and Toll-like receptor 2 (Tlr2)] and assessed the DNA mod-
ification status in their promoter regions in ileal tissue sam-
ples from the CTR, DEX and AZA groups (n D 8 mice/
group) (Table 1). Out of the 5 gene-associated regions eval-
uated by qMSP (Table 1), 3 showed significant differential
DNA modification between the DEX and CTR groups: Cgn

(FCEDNA modification D ¡39.4; P D 1.95 £ 10¡5), Tollip
(FCEDNA modification D ¡1.93; P D 6.15 £ 10¡8) and Tlr2
(FCEDNA modification D ¡1.91; P D 0.002). In addition, we
observed that decreased DNA modification in 3 out of the
5 studied regions correlated with increased expression of
the cognate gene: Tjp1 (FCEDNA modification D ¡1.20;
FCEmRNA expression D 2.93), Cgn (FCEDNA modification D

Figure 3. Gene expression analysis: Transcriptional profile variation in the offspring upon antenatal dexamethasone treatment. A) Canonical pathways affected in the TJ
(left plots) and TLR (right plots) functional groups by antenatal dexamethasone treatment. Blue bars represent the significance of the enrichment for each pathway
expressed as –log(P-value). B) Overlap between differentially expressed regions upon exposure to dexamethasone (DEX group, red circles) and the DNA modification
inhibitor 5-azacytidine (AZA group, green circles) compared to the offspring of untreated mothers (CTR group).

Table 1. DNA modification and mRNA expression in candidate genes for DEX and AZA groups compared to CTR.

2 weeks offspring E18 fetuses

DEX/CTR1 P-value� AZA/CTR1 P-value� DEX/CTR1 P-value�

Tjp1 DNA modification ¡1.20 0.955 ¡1.43 0.186 3.29 0.160
mRNA expression 2.93 2.55 1.71

Cgn DNA modification ¡39.40 1.95 £ 10¡5 ¡2.17 0.909 ¡4.77 0.655
mRNA expression 1.21 2.09 3.19

Myd88 DNA modification ¡1.25 0.957 4.38 1.000 ¡0.24 0.299
mRNA expression ¡1.37 1.25 ¡1.51

Tollip DNA modification ¡1.93 6.15 £ 10¡8 ¡1.21 0.002 ¡3.27 0.031
mRNA expression 1.03 1.77 2.07

Tlr2 DNA modification ¡1.91 0.002 1.49 0.028 ¡0.45 0.745
mRNA expression ¡10.51 ¡2.40 2.28

1FCE values. Positive and negative values represent increased and decreased DNA modification or mRNA expression values upon treatment (DEX or AZA groups) com-
pared to untreated (CTR group), respectively.
�2-tailed t-test for DNA modification differences. Significant values (P < 0 0.05) are in bold.
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¡39.4; FCEmRNA expression D 1.21), and Tollip (FCEDNA modi-

fication D ¡1.91; FCEmRNA expression D 1.03).

Antenatal dexamethasone treatment leads to alteration of
gene expression and DNA modification profiles in the fetus

To confirm that the epigenetic alterations seen in utero
occurred in response to dexamethasone, we next examined
whether antenatal dexamethasone exposure leads to alteration
of gene expression and DNA modification profiles in the fetus.
We used the same qPCR array platform corresponding to the
TLR and TJ functional groups. The changes in gene expression
levels (FCE values) between treatment and control pups (CTR
group) are listed in Supplementary Table S4. In the TJ array,
we identified 80 differentially expressed genes (FCE � § 1.2;
77 and 3 up- and down-regulated, respectively) for the fetus of
dexamethasone treated mothers (DEX group), when compared
to that untreated mothers (CTR group). We also identified 72
differentially expressed genes in the TLR array (FCE � 1.2; 62
and 10 up- and downregulated, respectively) in the DEX group
when compared to CTR group. We selected the same 5 candi-
date genes from TJ pathways (Tjp1 and Cgn) and TLR path-
ways (Myd88, Tollip, and Tlr2) and assessed the DNA
modification status in their promoter regions in the full fetus
from CTR and DEX groups (n D 3/group) (Table 1). Out of
the 5 gene-associated regions evaluated by qMSP (Table 1),
3 showed same trend as seen in 2 week-old small intestinal tis-
sues. Moreover, Tollip showed significant differential DNA
modification between the DEX and CTR groups.

Epigenetic alterations induced by antenatal
dexamethasone treatment are associated with altered
composition of the gut microbiome in the offspring

We have shown that antenatal dexamethasone treatment modi-
fied the DNA and gene expression profiles of TLR-, as well as
TJ-signaling pathways in the small intestine of the offspring.
Since TLRs and TJs are likely to be key signaling pathways in
cross-species homeostatic regulation we next sought to study
whether dexamethasone-induced epigenetic changes are associ-
ated with changes in the intestinal microbiome. Fecal samples
from dams and their respective pups were collected and ana-
lyzed by 16S rRNA-based sequencing. We compared the micro-
biota composition in the offspring of the DEX and CTR group
(nD6/group). We also studied the microbiomes of offspring
from the AZA group (nD6), which served as a control for a
known modified epigenome of the host. The sequencing results
for all the studied samples are provided in Supplementary
Table S7.

Antenatal dexamethasone treatment led to changes in the
microbiota composition at different taxonomic levels in the off-
spring at 2 weeks of life (Fig. 4), and also in the mothers (Sup-
plementary Fig. S5). At the phyla level, we detected a slight
increase in Firmicutes (FCE D 1.16) and a slight decrease in Bac-
teroidetes (FCE D ¡1.20) (Fig. 4A). At the class level, we
detected an increase in the Clostridia class within the phylum
Firmicutes (FCE D 2.3). In turn, within the Proteobacteria phy-
lum we observed a slight increase in Alphaproteobacteria (FCE
D 1.44) and a slight decrease in Betaproteobacteria (FCE D

¡1.45) (Fig. 4B). At the genus level, we detected a slight decrease
in Bacteroides (FCE D ¡1.19) within the Bacteroidia class, a
decrease in Streptococcus (FCE D ¡1.71) within the class Bacilli,
a strong increase in Candidatus arthromitus (FCE D 82.31)
together with a decrease in Anaerotruncus (FCE D ¡1.86), Clos-
tridium (FCE D ¡1.71), and Ruminococcus (FCE D ¡1.65)
within the class Clostridia, a decrease in Anaplasma (FCE D
¡1.23) in the Alphaproteobacteria class, a decrease in Parasutter-
ella within the Betaproteobacteria class, and an increase in Pro-
teus (FCE D 2.22) in the Gammaproteobacteria class (Fig. 4C).
At the species level, we detected the biggest changes within the
genus Clostridium, with an increase in C. aminophilum (FCE D
14.5), C. hathewayi (FCE D 1.42), and C. orbisciendens (FCE D
1.20), as well as a decrease in C. cocleatum (FCE D ¡11.96) and
C. lactatifermentans (FCE D ¡8.78) (Fig. 4D). Antenatal 5-aza-
cytidine treatment also led to changes in the microbiota compo-
sition of the mothers (Supplementary Fig. S5) and offspring at
2 weeks of life (Fig. 4) Thus, antenatal dexamethasone and 5-
AZA exposure were associated with altered gut microbial com-
munities in the offspring.

Discussion

Gut microbial communities play an important role in main-
taining homeostasis and modulating the host’s immune system.
They are also crucial for host development and physiology,
including organ development, morphogenesis, and host metab-
olism. However, the underlying molecular mechanisms of
host–microorganism interactions remain largely unknown. In
this study, we present a novel concept in which a dynamic
crosstalk exists between the epigenome of the intestine and the
colonizing microbiota at neonatal stages. We aimed to compre-
hensively show the existence of such crosstalk; however, further
investigation is warranted to unravel the molecular mecha-
nisms involved.

We demonstrate that exposure to probiotic and pathogenic
bacteria induces different epigenetic effects in immature intesti-
nal epithelial cells. Less than 10% of regions with differential
DNA modifications were shared between the probiotic (LCBH4

group) and pathogenic (KSSH4 group) bacteria (Fig. 1) treated
cells. Our findings specifically suggest that whereas bacterial
exposure in general will trigger transcriptional cascades
through epigenetic regulation, there might be a specific epige-
netic (mis)regulation of the cytoskeleton of epithelial cells and
cell adhesion after exposure to gram-negative bacteria (e.g.,
Klebsiella spp.) leading to alterations of intestinal barrier func-
tion. Moreover, our results suggest that fetal epithelial cells are
more sensitive to such pathogenic-specific changes than adult
epithelial cells, in line with the existence of a pre- and neo-natal
plastic interval for epigenetic-mediated stable reprogramming
of transcriptional profiles predisposing to disease later in life.15

Epigenome variations in the host may be induced by the micro-
biota through 3 main mechanisms: i) alterations in the avail-
ability of chemical donors for DNA or histone modifications,
which depend on nutrition and the metabolic activities
expressed by the microbiota (reviewed in ref. 20); ii) DNA mod-
ifications caused by the mechanisms triggered by the incorpo-
ration of foreign genetic material into the genome of the
host 21-24; and iii) direct interaction with enzymes responsible
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Figure 4. Microbiome variation at different taxonomical levels observed in the offspring upon antenatal dexamethasone treatment. A) Microbiome distribution in off-
spring of mothers treated with dexamethasone (DEX), 5-azacytidine (AZA) or untreated (CTR) at the phyla (panel A), class (panel B) and genus (panel C) levels. Panel D
highlights the species variation within the genus Clostridium, where the highest variation was observed.
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for DNA or histone modifications, such as DNA methyltrans-
ferases or histone deacetylases.25-27 Further studies are needed
to determine the relevant mechanisms for the developing gut.

We additionally postulated that gestational exposure to
environmental agents would lead to altered epigenomes in the
offspring, which would condition the microbial colonization
patterns upon early exposure after birth, with the potential to
subsequently alter disease susceptibility in the neonatal period
or later in life. Other studies have described how genomic vari-
ation could condition the composition of the colonizing bacte-
rial communities. Le et al. identified a genetic locus, the
commensal colonization factors (ccf) in Bacteroidetes, which is
fundamental in establishing symbiosis with the host.28 It has
been also shown that L. rhamnosus strains carrying particular
genomic alterations will likely possess an increased niche-spe-
cific fitness.29 In addition, it has been recently shown that allelic
variants of bacterial proteins in the Salmonella enterica serovar
Typhimurium likely contribute to pathoadaption to diverse
hosts.30 On the other hand, studying how variations in the host
genome will predispose to colonization by specific bacterial
strands will also be of interest for understanding the etiology of
disease. We focused our work on epigenetic variations since
they are more dynamic than genetic variations. Therefore, they
can i) explain how environmental variation, such as antenatal
dexamethasone treatment or exposure to other factors in utero,
will result in altered microbiota colonization at birth, and ii) be
reversed or induced as a therapeutic intervention.

In our model, a pathogenic microbiome composition acts as
the “effector” in the triggering of the diseases, whereas the epi-
genome of the host acts as the “selective agent” for the patho-
genic composition of the microbiome and as the “bridge”
across generations. As a clinically relevant example for testing
our model, we sought to determine whether antenatal dexa-
methasone administration would lead to epigenetic changes in
the offspring that altered gene expression profiles and micro-
biome composition. Steroids are routinely administered to
women in preterm labor due to known improved outcomes in
preterm infants, especially in accelerating lung maturation.31

Glucocorticoids have been shown to alter DNA methyla-
tion,32,33 thus representing a putative modifier of the offspring
epigenome that may explain the long–term consequences of
the antenatal glucocorticoid exposure on neurologic, cardiovas-
cular, and metabolic function.19

In our studies, treating pregnant mice with dexametha-
sone resulted in major gene expression changes in the tight
junction and toll-like receptor associated pathways of the
offspring, associated with alterations in the microbiome. We
recognize that glucocorticoids have effects beyond epigenetic
modification, including functioning as a known intestinal
trophic factor and potent anti-inflammatory agent that
could also affect microbial colonization patterns. However,
since antenatal administration of 5-AZA, an agent known
to demethylate DNA globally without the other effects of
glucocorticoids, also altered expression changes in the
majority of the studied genes and the microbiota composi-
tion of the offspring, there remains evidence that host epi-
genetic alterations influence colonization patterns. Specific
association between gene silencing and DNA modification
at the TSS-surrounding regions of the differentially

expressed genes for both dexamethasone and 5-AZA treat-
ment needs further confirmation (Table 1).

Previous studies have focused on explaining how different
microbiomes induce epigenetic modifications in the host, 7-9,20-
27,34 but the possibility of a modulation of the colonizing micro-
biome composition by the host’s epigenome has not been previ-
ously explored. The composition of the offspring’s microbiome
can be conditioned by several pre- and post-natal factors, such
as delivery method,35 antibiotic treatment,36,37 and nutri-
tion.38,39 In turn, epigenomes can be also responsible for modu-
lating the response to environmental factors.40-46,47 In the
modulation of microbiota colonization, we theorize that epige-
netically regulated mechanisms may be responsible for differ-
ential immune responses, the establishment of more or less
permeable epithelial barriers, and bacterial metabolite process-
ing, which will favor the colonization of particular bacterial
communities.

Our data demonstrate that for the epigenetic alterations in
the offspring’s gut caused by antenatal dexamethasone treat-
ment, the greatest changes in the microbiome were detected at
species level within the genus Clostridium (Fig. 4C). Recent
studies of microbiota progression showed a gradual progression
to Clostridial abundance for children born most prematurely.
Accumulating evidence suggest that Clostridia are involved in
the maintenance of overall gut function.48 Clostridia, in close
contact with intestinal cells, play crucial roles in modulating
physiologic, metabolic and immune processes in the gut, and
are necessary for the welfare of maintaining normal gut
immune homeostasis.48 Our data indicate that antenatal dexa-
methasone exposure alters Clostridial abundance in the off-
spring when compared to the control pups.

Our findings strongly support the idea of a reciprocal
crosstalk in which epigenetic changes induced by intrauter-
ine influences affect microbial colonization, potentially
changing disease susceptibility later in life. Further studies
will be required to unravel the precise molecular mecha-
nisms and processes ruling the epigenome/microbiome
interaction. This novel conceptual framework is expected to
yield insights at multiple levels into how preterm infant
microbiota affects normal intestinal development and func-
tion, and how intrauterine epigenomic reprogramming
affects gut microbiota composition and function to thus
influence health and disease outcomes.

Materials and methods

Animals and treatments

C57BL/6J mice were maintained in the gnotobiotic facility of
the Digestive Disease Research Core Center (DDRCC) at the
University of Chicago. Mice were housed in the animal care
facilities under specific pathogen free environment (SPF) con-
ditions. All groups of mice were allowed ad libitum access to
Harlan Teklad 7012 (SPF) chow. Pregnant C57Bl/6 dams
received dexamethasone (0.4 mg/g) (Sigma-Aldrich, Cat. No.
D1756) 49 or 5-azacytidine (100 mg/kg) (Sigma-Aldrich, Cat.
No. A2385) at E16 to induce epigenetic changes. For prenatal
expression and DNA modification analyses, dams with or with-
out dexamethasone exposure were sacrificed at E18 and fetuses
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were harvested. All experimental procedures were approved by
the Institutional Animal Care and Use Committee (IACUC) at
the University of Chicago.

Cell cultures and bacterial exposure

Human fetal (H4) and adult (NCM460) primary intestinal epi-
thelial cells were cultured as detailed elsewhere.50 Upon conflu-
ence, cells were inoculated with 107 CFU of Lactobacillus
acidophilus and Bifidobacterium infantis (LCBH4 and LCBad

groups), representing probiotic organisms, or 5 £ 105 Klebsiella
spp cultures representing the Gamma proteobacteria dominant
in the microbiota of preterm infants (KSSH4 and KSSad
groups).2 Cell cultures not receiving any bacteria served as con-
trol (CTRH4 and CTRad group). After 24-hour exposure, geno-
mic DNA from H4 and NCM460 was isolated and epigenetic
profiles were studied.

Microarray-based DNA modification profiling

Since the methods for assessing DNA modification used in this
study (based on sodium bisulfite conversion) do not differenti-
ate 5-methylcytosine (5mC) from 5-hydroxylmetylcytosine
(5hmC),51 we will use the term ‘DNA modification’ to describe
our findings. Large-scale DNA modification profiles were stud-
ied using the Infinium HumanMethylation450 BeadChip (Illu-
mina, Catalog No. WG-314-1003) according to the
manufacturer’s instructions. In brief, 500 ng of DNA isolated
from H4 cells exposed to probiotic or pathogenic bacteria
(LCBH4 and KSSH4 groups, respectively) or media alone
(CTRH4 group) were treated with sodium bisulfite using the EZ
DNA methylation kit (Zymo Research, Cat. No. D5001) and
targets were prepared, labeled and hybridized using the kits
and reagents indicated by the manufacturer [Infinium HD
Methylation Assay Protocol Guide (15019519 B), Illumina].
The array allowed the interrogation of more than 485,000 mod-
ification sites per sample at single-nucleotide resolution. The
array covers 99% of RefSeq genes, with an average of 17 cyto-
sine-guanine dinucleotides (CpG) per gene region distributed
across the promoter, 50 untranslated region (50UTR), first exon,
gene body, and 30UTR. It covers 96% of CpG islands, with addi-
tional coverage in island shores and the regions flanking them.
Generated microarray data were analyzed using Genome Stu-
dio software v2011.1 (Illumina) with the analysis module Meth-
ylation v1.9.0. Data were normalized against the controls on the
microarray and background subtracted. Differential DNA
modification was assessed as differences between mean signals,
and the P-values were calculated by t-test corrected for multiple
hypotheses testing by the Benjamini-Hochberg method in com-
bination with the Illumina custom false discovery rate (FDR)
model. The cutoff for differential DNA modification was set at
FDR-corrected P-value lower than 0.05. The detected regions
of interest (ROIs) were then annotated for nearby genes by
comparing genomic coordinates of the probes with RefSeq
transcript annotation of human reference genome assembly
mm8 (NCBI build 37). The function and ontology of the asso-
ciated genes was studied using the Database for Annotation,
Visualization and Integrated Discovery (DAVID) version 6.7.52

Microarray data will be deposited in the NCBI’s Gene Expres-
sion Omnibus (GEO).

Gene expression analysis

Total RNA was isolated from the full fetuses at E18 and ileal tis-
sue of 2-week-old offspring of mothers treated with dexametha-
sone (DEX group), 5-azacytidine (AZA group), or untreated
mothers (CTR group) using the RNeasy kit (Qiagen, Cat. No.
74104), according to the manufacturer’s instructions. Expres-
sion profiles in the tight-junction (TJ) and the toll-like receptor
(TLR) functional groups were assessed using the 96-well plate
RT2 Profiler PCR Arrays (Qiagen, Cat. No. PAMM-143Z and
PAMM-018Z, respectively). Each array contained PCR primers
for SYBR green-based RT-PCR quantification of expression of
84 genes belonging to the functional group. The relative expres-
sion was determined using the DDCt method.53 Statistical dif-
ferences between the groups were detected by t-test. Networks
and pathways significantly enriched in the genes of interest
were identified through Ingenuity Pathways Analysis (IPA)
(Ingenuity� Systems, www.ingenuity.com).

Single locus DNA modification assessment

DNA modification in 5 candidate genes (Table 1) was studied
using quantitative methylation-specific PCR (qMSP) analysis.54

DNA from the full fetuses at E18 and ileal tissue of 2-week-old
offspring and dams from the DEX, AZA and CTR groups, as
well as from H4 and NCM460 cells after LCB or KSS inocula-
tion, was isolated using DNeasy Blood and Tissue Kit (Qiagen,
Cat. No. 69504). Genomic DNA (500 ng) was bisulfite-treated
using the Epitect kit (Qiagen, Cat. No. 59104). Bisulfite-treated
DNA was subjected to locus-specific amplification using qMSP
primers (Supplementary Table S7). The qMSP reaction con-
sisted of 10 ng bisulfite-converted DNA, 1£ ABI master mix
containing Taq polymerase, dNTPs, SYBR green dye and ROX
as passive dye (Thermo Fisher Scientific, Cat. No. 4309155)
and 200 nM of specific primers. Amplification and analyses
were performed using the 7500 System (Thermo Fisher Scien-
tific). A fragment within the Actb locus, which did not contain
any cytosine-guanine (CpG) dinucleotide, was used as a cali-
brator (DCtcalibrator). Fold change enrichment (FCE) was calcu-
lated using the equation: FCE D 2(DCttarget- DCtcalibrator)

Microbiome analysis. Microbiome analysis was performed as
described elsewhere.55 DNA was extracted from stool samples
using the QIAamp Stool DNA kit (Qiagen, Cat. No. 51104),
according to manufacturer’s instruction, and amplified using
specific primers for the region of the 16S rRNA encoding gene
(515F: 50-GTGCCAGCMGCCGCGGTAA-30 and 806R: 50-
GGACTACHVGGGTWTCTAAT-30). Such primers contained
Illumina 30 adapter sequences as well as a 12 bp barcode 56

enabling library preparation for sequencing. Sequencing was
performed by the Next Generation Sequencing service (Roche
454 GS FLXC Amplicon Sequencing) at Research and Testing
Laboratory (Lubbock, TX). For identifying operational taxo-
nomical units (OTUs), sequences were trimmed and then ana-
lyzed using QIIME.56 OTUs were picked at 97% sequence
identity using uclust and a representative sequence was then
chosen for each OTU by selecting the most abundant sequence
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in that OTU for each group (DEX, AZA, or CTR). These repre-
sentative sequences were classified and assigned a taxonomic
string using the RDP Classifier.2

Fluorescence immunohistochemistry study of actin/cytoskele-
ton. H4 cells were harvested upon confluence and plated on tis-
sue culture treated coverslips (18 mm) at 5 £ 105 and cultured
in H4 media (H4 cells were routinely maintained in Dubelco’s
modified Eagles medium (DMEM) supplemented with 10%
fetal calf serum (FBS) and human recombinant insulin (0.5
unit/ml). When cells reached at least 75% confluency, H4 cells
were incubated with 0, 2 £ 106, and 5 £ 106 probiotic LCB, or
pathogenic KSS for 24 and 48. h After incubation, cells were
washed with PBS and fixed with either methanol for tubulin
staining or 4% paraformaldehyde for F-actin staining. Cells
were then blocked with 10% goat serum in PBS containing
0.1% triton 100x. Primary antibody against a-tubulin
(ab18251, Abcam, Cambridge, MA) was applied at 1 mg/ml to
H4 cells. A FITC-conjugated secondary antibody was applied.
For F-actin, an Alexa Fluor� 594-conjugated phalloidin was
applied at 1 unit/ml. H4 cells on coverslips were then mounted
and examined using an Olympus TIRF microscope (Olympus
Corporation of the Americas, Center Valley, PA) and analyzed
using Slidebook 6.0 software (Intelligent Imaging Innovations,
Denver, CO).
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