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Erythroid differentiation regulator-1 induced by
microbiota in early life drives intestinal stem cell
proliferation and regeneration
Hirohito Abo1, Benoit Chassaing 1,2,3,4, Akihito Harusato 1, Miguel Quiros5, Jennifer C. Brazil5, Vu L. Ngo1,

Emilie Viennois6, Didier Merlin6,7, Andrew T. Gewirtz1, Asma Nusrat5 & Timothy L. Denning1*

Gut microbiota and their metabolites are instrumental in regulating intestinal homeostasis.

However, early-life microbiota associated influences on intestinal development remain

incompletely understood. Here we demonstrate that co-housing of germ-free (GF) mice with

specific-pathogen free (SPF) mice at weaning (exGF) results in altered intestinal gene

expression. Our results reveal that one highly differentially expressed gene, erythroid dif-

ferentiation regulator-1 (Erdr1), is induced during development in SPF but not GF or exGF

mice and localizes to Lgr5+ stem cells and transit amplifying (TA) cells. Erdr1 functions to

induce Wnt signaling in epithelial cells, increase Lgr5+ stem cell expansion, and promote

intestinal organoid growth. Additionally, Erdr1 accelerates scratch-wound closure in vitro,

increases Lgr5+ intestinal stem cell regeneration following radiation-induced injury in vivo,

and enhances recovery from dextran sodium sulfate (DSS)-induced colonic damage. Col-

lectively, our findings indicate that early-life microbiota controls Erdr1-mediated intestinal

epithelial proliferation and regeneration in response to mucosal damage.
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The intestinal microbiota is comprised of hundreds of tril-
lions of microbes encompassing bacteria, viruses, fungi,
protists, and archae that co-develop with the host from

very early in life1. Components of the intestinal microbiota
influence mucus production, epithelial and sub-epithelial cellular
dynamics, immune system development, and promote and
maintain homeostasis in the intestine2–8. Alterations in the
composition of the intestinal microbiota are linked to the devel-
opment of numerous intestinal and extra-intestinal disease
manifestations, including inflammatory bowel disease, asthma,
obesity, metabolic syndrome, and diabetes9–12. These effects can
result from direct microbiota–cellular interactions and indirect
effects associated with microbiota-derived metabolites13.

The maternal microbiota begins to colonize the host at birth
and molecules derived from the microbiota can be transferred to
the neonate through maternal milk14,15. Maternal microbiota can
also influence the developing fetus via placental exchange of
microbial molecules in utero. Metabolism of dietary components
and xenobiotics by the maternal microbiota can additionally enter
the mother’s serum and subsequently reach the fetus. While the
effects of nutrition, alcohol, and medications on fetal develop-
ment are well-appreciated, the understanding of the maternal
microbiota influences on fetal development and associated health
and disease outcomes into adulthood remains limited.

The relationship between the microbiota and immune system
development is driven in part by postnatal effects of the neonatal
microbiota3,14,16. For example, the dramatic increase in micro-
biota around the time of weaning in mice coincides with the
expansion of Foxp3+ regulatory T cells and rise in IgA17. These
important immunologic changes involve microbiota-dependent
generation of short-chain fatty acids and the vitamin A meta-
bolite, retinoic acid18. Intestinal immune system development is
further under the control of the maternal microbiota during
pregnancy. Using an elegant experimental model of gestation-
only colonization of germ-free (GF) mice, transient maternal
colonization with E. coli is sufficient to drive postnatal increases
in intestinal group 3 innate lymphoid cells and F4/80+CD11c+

mononuclear cells, but not adaptive immune cells, in the off-
spring14. Significant transcriptional changes are also observed
among signature genes for specific epithelial lineages and func-
tions. Collectively, these data highlight an emerging role for early-
life microbiota in controlling immune and intestinal epithelial
barrier defense.

The intestinal epithelial barrier is instrumental in the physical
separation of the microbiota from the host. This single layer
epithelium is self-renewed and continuously replaced every
2–5 days and this process is tightly orchestrated by intestinal stem
cells (ISCs)19. Leucine-rich repeat-containing G protein-coupled
receptor 5 (Lgr5)-expressing ISCs give rise to highly proliferative
transit amplifying (TA) cells, which differentiate into all epithelial
lineages including Paneth cells, tuft cells, enteroendocrine cells,
goblet cells, and enterocytes along crypt-villus axis20. This dif-
ferentiation process can be influenced by the microbiota and
microbial metabolites, as evidenced by elongation of villi and
shortening of crypts in GF rodents. Notably, some changes pre-
sent in the epithelium are reversible by re-conventionalization,
whereas other changes are long-lasting suggestive of epigenetic
regulation14,15.

In this study, we explore the contribution of early-life micro-
biota to enduring changes in intestinal gene expression. We
employ an experimental model wherein mice are born GF and
subsequently colonized with specific-pathogen-free (SPF) micro-
biota at the time of weaning (exGF). Using this model, we focus
on transcriptional changes in adult exGF mice that are irrever-
sible by colonization with SPF microbiota. We identified one of
the top-most differentially expressed genes between SPF and

exGF mouse small intestine and colon to be erythroid differ-
entiation regulator-1 (Erdr1), a soluble factor that regulates cel-
lular survival, metastasis, and NK-mediated cytotoxicity21,22.
Our findings show that Erdr1 is induced by microbiota in early
life, localizes to Lgr5+ ISCs and TA cells and induces intestinal
epithelial proliferation and regeneration in response to mucosal
damage.

Results
Early-life microbiota regulates Erdr1 expression. To determine
the effects of early-life microbiota exposure on intestinal gene
expression, we employed an experimental model system using
SPF, exGF, and GF mice. exGF mice were born and raised in GF
conditions until weaning (day 21) at which time they were
transferred into SPF conditions and cohoused with age/sex-
matched mice until day 42 (Fig. 1a). In order to evaluate intestinal
gene expression difference between SPF, exGF and GF mice, we
performed RNA sequencing using total small and large intestinal
tissue at day 42. Volcano plot analysis of RNAseq data revealed
Erdr1 as one of the top genes categorized as down in exGF or
down in GF indicating preferential expression in the small and
large intestines of SPF mice when compared with exGF or GF
mice (Fig. 1b; Supplementary Data 1). We next analyzed Erdr1
mRNA expression by quantitative real-time PCR (qPCR). In the
duodenum, jejunum, ileum, and colon of SPF mice Erdr1 mRNA
was detected, whereas expression in exGF and GF samples was
undetectable (Fig. 1c). Given a previous report that the induction
of Erdr1 was dependent upon Myd88 signaling in splenic CD4+

T cells23, we therefore tested whether knockout of Myd88 influ-
enced Erdr1 expression in the small and large intestine by qPCR.
Results from these experiments indicate that Erdr1 expression is
not affected by ablation of Myd88 (Supplementary Fig. 1).

To begin to gain insight into epigenetic modifications that were
associated with altered Erdr1 expression between SPF, exGF, and
GF groups, we investigated histone H3 acetylation (H3Ac), which
is linked to gene activation24. Following chromatin immunopre-
cipitation (ChIP) with H3Ac antibody, we observed significant
decreases in amplification of the Erdr1 promoter region in the
large intestine of exGF and GF mice, relative to SPF mice
(Fig. 1d), which is indicative of gene repression and consistent
with the lack of Erdr1 expression in Fig. 1c. Collectively, these
data demonstrate that early-life microbiota regulates intestinal
Erdr1 expression in association with enhanced histone acetyla-
tion. Further, colonization of exGF mice with SPF microbiota at
weaning was insufficient to induce Erdr1 suggesting a critical
early-life window for the induction of Erdr1 by the microbiota.

Erdr1 is expressed in Lgr5+ ISCs and TA cells. Erdr1 was
initially identified by screening the WEHI-3 cell line for secreted
proteins that induce hemoglobin synthesis25. It is highly con-
served between mice and humans and has been reported to
be expressed in keratinocytes, pulmonary mesenchymal cells,
murine embryonic fibroblasts, melanoma cells, and splenic
T cells23,26,27. However, the expression and function of Erdr1
within the intestine has not been explored. To investigate Erdr1
expression in the intestine, we performed in situ hybridization
using RNAscope28. As shown in Fig. 2a, Erdr1 RNA expression
localized primarily in the crypt region and TA zone of the small
and large intestine, with less prominent staining in the lamina
propria and submucosal region, which is consistent with a pre-
vious report demonstrating Erdr1 expression in CD4+ T cells23

(Supplementary Fig. 2). Consistent with qPCR analysis in Fig. 1c,
Erdr1 RNA was undetectable in the small and large intestines
from exGF and GF mice.
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The intestinal crypt region is highly dynamic and comprised of
several cell types, including Lgr5+ ISCs, Paneth cells, and goblet
cells29. To further define which cells in the crypt region expressed
Erdr1, we performed multicolor RNAscope on sections of the
small intestine using the ISC marker Lgr5, and the Paneth cell
marker Lyz130. Using this approach, Erdr1 RNA expression was
observed to co-localize with Lgr5, but not Lyz1, as shown in
longitudinal sections (Fig. 2b) and transverse sections (Fig. 2c).
Collectively, these findings demonstrate that Erdr1 is expressed
by Lgr5+ ISCs and TA cells in SPF mice, but not exGF or
GF mice.

Erdr1 increases growth of intestinal organoids. Previous studies
have reported that Erdr1 is involved in NK cell activation31, T-
cell apoptosis23, and melanoma migration26. However, the role of
Erdr1 in the intestine remains unknown. Based on the expression
of Erdr1 by intestinal epithelial cells, especially Lgr5+ ISCs and
TA cells, we explored the effects of recombinant Erdr1 (Supple-
mentary Fig. 3) on in vitro intestinal organoid cultures using-
standard organoid medium containing EGF, Noggin, and
R-spondin-132. We first examined the expression of endogenous
Erdr1 in organoid cultures from SPF, exGF, and GF mouse small

and large intestines. Similar to results from total intestinal tissue
directly ex vivo, we observed Erdr1 mRNA expression in both
small and large intestinal organoids derived from SPF, but not
exGF or GF mice (Fig. 3a). In light of these data, we next explored
the H3Ac status of Erdr1 in organoid cultures using ChIP.
Consistent with observations directly ex vivo using total intestinal
tissue (Fig. 1d), H3Ac of the Erdr1 promoter region was higher in
organoids derived from SPF mice when compared with those
derived from exGF and GF mice (Fig. 3b). Further, organoid
efficiency, budding, and surface area in small and large intestinal
organoids were significantly greater in SPF organoids when
compared with exGF or GF organoids. We also observed that the
addition of Erdr1 resulted in enhanced growth of SPF organoids,
and reversed the impaired growth of exGF and GF organoids
(Fig. 3c–f, Supplementary Fig. 4a–d). To ensure that these effects
were not a result of LPS contamination in recombinant Erdr1, we
performed similar studies using organoids generated from TLR4-
deficient mice and observed nearly identical results as in wild-
type controls (Supplementary Fig. 5a–c). In agreement with the
ability of Erdr1 to increase organoid efficiency, budding and
surface area, cell cycle analysis revealed that the addition of Erdr1
to large intestine organoid cultures increased the percentage of

a

SPF

SPF “exGF”GF

P0 P21 P42

Birth Weaning End point

c
d

SPF
ex

GF GF
SPF

ex
GF GF

SPF
ex

GF GF
SPF

ex
GF GF

SPF
ex

GF GF
SPF

ex
GF GF

0

6×10–2

4×10–2

2×10–2

E
rd

r1
 r

el
at

iv
e

ex
pr

es
si

on
/G

ap
dh

ColonIleumJejunumDuodenum

b SPF vs exGF SPF vs GF

S
m

al
l i

nt
es

tin
e

–L
og

10
 (

p 
va

lu
e)

La
rg

e 
in

te
st

in
e

–L
og

10
 (

p 
va

lu
e)

0

1

2

3

4

5

6

–10 –5 0 5 10

0

1

2

3

4

5

6

–10 –5 0 5 10

0

1

2

3

4

5

6

0

1

2

3

4

5

6

Log2 (fold-change)

Log2 (fold-change)
–10 –5 0 5 10

Log2 (fold-change)

Log2 (fold-change)

–L
og

10
 (

p 
va

lu
e)

–L
og

10
 (

p 
va

lu
e)

Erdr1
Erdr1

Erdr1 Erdr1

Down in exGF Up in exGF Down in GF Up in GF

Down in GF Up in GF

0

2

4

6

8

%
 In

pu
t

IgG H3Ac

In utero

Experimental model system

GF

–10 –5 0 5 10

Down in exGF Up in GF
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cells in S and G2/M phase, while the percentage of cells in the
G0/G1 phase was decreased (Supplementary Fig. 6). Since pre-
vious study revealed that Erdr1 promotes T-cell apoptosis23, we
investigated whether Erdr1 induce apoptosis in intestinal orga-
noid. Using Annexin V which is well-established cell marker for
pre-apoptosis and PI, we observed no change of pre-apoptotic
cells (Annexin V+ PI−) (Supplementary Fig. 7). Collectively,
these data demonstrate that Erdr1 functions to enhance intestinal
organoid growth.

Erdr1 induces expansion of Lgr5+ ISCs. Lgr5+ ISCs are critical
components of the crypt niche that divide to generate stem cells
and TA daughter cells that further give rise to terminally differ-
entiated progenies including absorptive enterocytes, secretory
goblet, entero‐endocrine, tuft and Paneth cells33. To evaluate the
effect of Erdr1 on Lgr5+ ISCs, we performed qPCR analysis
of ISC signature genes on small and large intestinal organoids
cultured in the presence or absence of Erdr1. Following
Erdr1 stimulation of organoids generated from SPF mice for
6 days, the expression of ISC signature genes (Lgr5, Olfm4, Smoc2,
Ascl2, and Tnfrsf19) was significantly increased in large intestine
(Fig. 4a) and small intestine organoids (Supplementary Fig. 8)
when compared with untreated control organoids. Consistent
with these findings, we detected increased frequency and number
of Lgr5-EGFP+ cells in small intestine organoids derived from
Lgr5-reporter mice in which Lgr5 expressing cells are directly
tagged with EGFP (Fig. 4b–d). Taken together, these data
demonstrate that Erdr1 increases ISC signature genes and
enhances Lgr5+ ISC expansion.

Erdr1 enhances Wnt signaling in IECs and organoids. Wnt/β-
catenin signaling plays an essential role in Lgr5+ ISC main-
tenance and differentiation34. Conditional deletion of Tcf4, the
key effector of Wnt signaling pathway, was shown to result in
rapid loss of Lgr5+ ISCs35 and a similar phenotype was observed
using organoids where Wnt3 was specifically deleted in intestinal
epithelial cells36. To determine whether Erdr1 induces Wnt/β-
catenin signaling, we performed a TOP/FOP luciferase reporter
assay using the intestinal epithelial cell line SKCO15. Using this
approach, we observed dramatically increased luciferase reporter
activity (approximately sixfold) with two different concentrations
of Erdr1 (Fig. 5a). Furthermore, we observed enhanced expres-
sion of the well-established Wnt pathway targets genes including
Myc, Axin2, Sox9, and Ephb2 within large intestine (Fig. 5b) and
small intestine organoids (Supplementary Fig. 9). Consistent
with these findings, we also detected translocation of activated
β-catenin to the nuclei within large intestinal organoid cultures
(Supplementary Fig. 10). Furthermore, we found no change in the
expression of the Notch signaling genes Hes1, Yap1 and their
target genes Cyr62 and Ctgf, which are associated with intestinal
organoid growth (Supplementary Fig. 11a, b)37,38. Collectively,
these results demonstrate that Erdr1 enhances Wnt signaling in
intestinal epithelial cells and organoids.

Erdr1 accelerates wound closure in mouse and human IECs.
Given that Erdr1 is expressed by Lgr5+ ISCs and TA cells that are
in close juxtaposition with enterocytes, we next explored the
effects of Erdr1 on intestinal epithelial cells using an in vitro
scratch-wound assay. Defined scratch wounds were created in
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monolayer cultures using the small intestinal epithelial cell line
Mode-K, and then wound closure was assessed in the presence
and absence of Erdr1 supplementation. As shown in Fig. 6a, b
and Supplementary movie 1, the addition of Erdr1 accelerated
wound closure in Mode-K cells. Cell cycle analysis further
revealed that Erdr1 increased G2/M and S phase cells and
decreased the G0/G1 phase cells (Fig. 6c, d). Consistent with these
data, staining with the proliferation marker Ki-67 was increased
by Erdr1 (Fig. 6e–g). Alternatively, knockdown of endogenous
Erdr1 using siRNA (Supplementary Fig. 12) reduced wound
closure in Mode-K cells (Fig. 6h, i). Since Erdr1 is highly con-
served between mice and humans25, we next investigated the
effects of Erdr1 on human intestinal epithelial cells. We per-
formed wound closure assays and cell cycle analyses using the
human colon cancer cell line HT-29 and observed similar

findings as with Mode-K cells that Erdr1 accelerated wound
closure and increased G2/M and S phase cells and decreased the
G0/G1 phase cells (Supplementary Fig. 13a–d). In addition, used
human intestinal organoids that were differentiated into a 2D
monolayer and then subjected to defined scratch wounds and
cultured with or without Erdr1. As with Mode-K and HT-29 cells,
we observed that human 2D organoid monolayers treated with
Erdr1 showed enhanced wound closure when compared with
controls (Supplementary Fig. 13e, f). Taken together, these results
demonstrate that Erdr1 stimulates in vitro intestinal epithelial
wound closure in mouse and human cells.

Erdr1 promotes the regeneration of Lgr5+ ISCs. It is appre-
ciated that proliferating cells include Lgr5+ ISCs and TA cells are
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highly sensitive to DNA damage caused by radiation39, and the
self-renewal capacity of Lgr5+ ISCs is key to recovery40,41. Based
on our findings that Erdr1 increased the number of Lgr5+ ISCs
and promoted TA cell proliferation in the steady state, we
explored whether Erdr1 could mediate similar effects in vivo
following radiation-induced injury. Lgr5-EGFP reporter mice
were irradiated (IR) and injected with Erdr1 daily to SPF mice. As
expected, we observed a dramatic reduction in the frequency of
Lgr5-EGFP+ cells in the ileum of IR mice on day 3 post irra-
diation, and this reduction was largely reversed by the adminis-
tration of Erdr1 (Fig. 7a, b). Similarly, reduced Ki-67+ cells and
BrdU+ cells in both the ileum and colon at day 3 post irradiation
was reversed by Erdr1 administration in time dependent manner
(Fig. 7c, d, Supplementary Fig. 14a, b, and Supplementary
Fig. 15a, b). Since radiation induces the apoptosis of intestinal
crypt epithelial cells, we examined TUNEL staining to examine
the effect of Erdr1 on apoptosis after radiation. In the control
group, TUNEL positive cells was increased at day 1 post radiaton
and decreased time dependent manner as well as Erdr1 treated
group, which indicates Erdr1 does not have effect to apoptosis
after radiation-induced injury (Supplementary Fig. 16a, b). These
data indicate that Erdr1 can induce Lgr5+ ISCs regeneration and
proliferation of crypt cells following radiation-induced injury.

Erdr1 promotes recovery from DSS-induced colitis. Our find-
ings indicating that Erdr1 promotes epithelial cell regeneration
and proliferation in response to radiation-induced injury sug-
gested that Erdr1 may also protect the intestinal epithelial barrier
from other types of injury/damage. To explore this further, we
employed the DSS model of colitis that exhibits intestinal

epithelial damage during DSS treatment followed by epithelial
repair when DSS is discontinued and replaced with regular
drinking water. Using this model system, we investigated whether
delivery of Erdr1 or treatment with anti-Erdr1 antibody could
influence recovery from DSS-induced colitis in vivo. Interestingly,
the administration of Erdr1 to DSS-treated mice on day 4, 6, and
8 enhanced recovery as evidenced by reduced disease activity
index scores (DAI; Fig. 8a), increased colon length (Fig. 8b, c),
and reduced histology score (Fig. 8d, e). Alternatively, DSS-
treated mice administrated anti-Erdr1 antibody on day 4 and
7 showed opposite effects—higher DAI scores, reduced colon
length, and enhanced histology score (Fig. 8a–e). Collectively,
these data establish that Erdr1 can play a beneficial role in
recovery from DSS-induced colonic damage.

Discussion
In this study we provide evidence demonstrating that Erdr1 is an
early-life microbiota-inducible factor that functions to positively
regulate intestinal barrier dynamics. Predominant expression of
Erdr1 in the proliferative zone of the intestine, particularly among
Lgr5+ ISCs and TA cells, correlated with its ability to enhance
Lgr5+ ISC and organoid growth. Importantly, Erdr1 accelerated
wound closure in vitro and promoted Lrg5+ ISC regeneration
and recovery following mucosal injury. Overall, these data high-
light a fundamental contribution of Erdr1 to the maintenance and
regeneration of ISCs and the intestinal epithelial barrier.

Interestingly, a recent report investigating mechanisms by
which the microbiota regulates T-cell responses observed that
Erdr1 expression was suppressed by the microbiota22,23. CD4+

T cells isolated from GF mice were shown to have elevated Erdr1
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expression and enhanced apoptosis, while knockdown of Erdr1
resulted in enhanced T-cell survival. These study combined with
our observations suggests highly dynamic temporal and cellular
control of Erdr1 expression by the microbiota. While microbiota
in early life may be promoting the expression of Erdr1 in Lgr5+

ISCs and TA cells, postnatal microbiota can regulate Erdr1
expression in CD4+ T cells. On the other hand, Erdr1 has been
reported to be a survival signal during conditions of cellular
stress42. Furthermore, Erdr1-expressing stroma can promote
cancer cell survival in vitro and cancer cell invasion in vivo26.
These findings indicate that the function of Erdr1 is highly cell
dependent on cell type, condition and tissue. Clearly, additional
studies are warranted to fully define how the microbiota controls
immune and non-immune cells in the intestine and periphery.

Notably, Erdr1 expression in the intestine appears to be under
strict temporal and perhaps epigenetic regulation. Even 3 weeks
after exposure of GF mice to SPF conditions, intestinal Erdr1 was
still not induced to levels approaching those observed in SPF
mice. This suggests that if Erdr1 is not induced by the microbiota
or microbial metabolites during a critical window in early life,
gene modifications such as impaired histone H3Ac may restrict
induction by the microbiota at later stages. Indeed, recent studies

have defined an important relationship between the microbiota
and mammalian epigenetic pathways24,43. For example,
microbiota-derived short-chain fatty acids have been shown to
promote histone crotonylation in the colon via histone deacety-
lases44. In addition, epithelial-specific deletion of HDAC3 results
in increased susceptibility to Citrobacter rodentium in association
with impaired IFN-γ production by CD8+ intraepithelial lym-
phocytes45. Our findings of reduced histone H3Ac in the absence
of microbiota in early life further underscores the relationship
between the microbiota and epigenetic modification in the
intestine. Importantly, our data do not rule out a role for other
forms of epigenetic modifications, including methylation. The
long-term consequences of these epigenetic changes regulating
health and disease in the intestine in adulthood remain to be fully
determined, but may play an important role in suppressing the
development of colon cancer46.

Our study definitively implicates early life microbiota in the
induction of Erdr1 in the intestine; yet, it remains unclear if the
critical window for Erdr1 induction is during in utero and/or
early postnatal development. It is intriguing that Erdr1 is
expressed in utero in the central nervous system beginning as
early as embryonic day 11.547. This suggest that Erdr1 may be an
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important factor induced during the development in numerous
tissues under the control of diverse elements, including the
microbiota. Consistent with this concept are data indicating that
attempts to knockout Erdr1 in mice are not tolerated in utero23.
Since the unborn fetus is believed to be in a sterile environment
with initial microbial colonization happening at the time of birth,
the induction of Erdr1 in the fetal intestine is not likely to be the
result of direct interactions between the microbiota and fetus.
During development in utero, however, the fetus is exposed to a
plethora of metabolites from the mother’s microbiota that pass
through the placenta. This indirect influence of the microbiota on
fetal development can have major influences on the intestine
including increasing F4/80+CD11c+ mononuclear cells and
group 3 innate lymphoid cells, and increasing expression of genes
encoding antimicrobial peptides and metabolism of microbial
molecules14,15. Future studies employing transient colonization
studies14 and/or cross-fostering immediately after birth may help
to shed light into how microbiota and microbial metabolites in
the prenatal and early postnatal phases of development influences
the expression of Erdr1 and other important genes in the intestine
and periphery.

Beyond defining the importance of early-life microbiota in
regulating Erdr1 expression, our results provide insight into the
functions of this factor in epithelial proliferation and regeneration
following injury. While relatively little remains known about the
regulation of the ISC compartment after tissue damage, inter-
leukin (IL)-22 has emerged as a critical factor in this process48,49.
IL-22-mediated STAT3 phosphorylation in Lgr5+ ISCs was
shown to be central for intestinal organoid growth and epithelial
regeneration48 and more recently was reported to protect against
genotoxic stress49. Although the receptor for Erdr1 has not yet
been defined, the ability of Erdr1 to be produced by Lgr5+ cells
and also drive their expansion in association with activating
the Wnt signaling pathway is somewhat analogous of the effects
of R-spondin1 in intestinal organoid cultures50. The key function
of R-spondin1 in organoids is to maintain a high activity of Wnt
signaling and maintain Lgr5+ ISC self-renewal capacity. Simi-
larly, our studies demonstrate that Erdr1 enhanced Lgr5+ ISCs in
organoids. However, the effects of Erdr1 are not limited to Lgr5+

ISCs and extend to fully differentiated intestinal epithelial cells in
both the steady state and following injury. The effects of Erdr1 in

promoting Lgr5+ ISC regeneration and crypt cell proliferation
after radiation-induced injury, as well as in response to mucosal
damage from DSS, indicate that this factor may be exploited for
therapeutic benefit during cancer therapy and in the context of
mucosal ulcerations, such as seen in gastric ulcers and in human
inflammatory bowel disease.

Methods
Mice. C57BL/6, Lgr5-EGFP-IRES-creERT232,51, and Myd88−/− mice were
obtained from The Jackson Laboratory and housed in SPF conditions. TLR4−/−

mice were provided by A.T.G. GF C57BL/6 mice were maintained under GF
conditions in Park Bioservice isolators. Unless otherwise stated, mice were used at
6–8 weeks of age. Experiments were carried out using age- and sex-matched groups
and complied with all relevant ethical regulations for animal testing and research.
Animal studies were approved by the Institutional Animal Care and Use Com-
mittee of Georgia State University.

exGF model. GF C57BL/6 mice were born and raised in GF conditions until
weaning time point at post birth day 21. At this time, GF mice were con-
ventionalized by co-housing with SPF mice for 3 weeks. These mice are referred to
as exGF mice.

Organoid culture. Isolation of crypt cells and organoid cultures were performed as
previously described32. Organoids from the small and large intestine were estab-
lished from freshly isolated tissue. Isolated small and large intestine were cut
longitudinally and washed with cold PBS. Crypts were incubated for 1 h at room
temperature in Gentle Cell Dissociation Reagent (Stemcell Technologies) and
released from tissue by pipetting. Crypts were then passed through a 70 μm cell
strainer and the crypt fraction was enriched by centrifugation. Crypts were subse-
quently embedded with matrigel and plated. After polymerization of matrigel, cul-
ture media (Stemcell Technologies) was added and refreshed every 2 days. For
recombinant Erdr1 treatment, organoids were cultured in culture medium with or
without recombinant Erdr1 (1 μg/mL). For flow cytometry analysis, organoids were
vigorously pipetted for mechanical disruption, then dissociated using TrypLE (37 °C)
and finally passed through a 70 μm cell strainer. Where applicable, cells were directly
stained, fixed and permeabilized with Foxp3 Transcription Factor Fixation/Per-
meabilization kit (Invitrogen) and stained with Ki-67 antibody (12-5698-82, Invi-
trogen, 1:200 dilution). For Annexin V/PI staining, organoids were stained using the
Dead Cell Apoptosis Kit with Annexin V FITC and PI (V13242, Invitrogen)
according to the manufacturer’s protocols and analyzed by flow cytometry. Human
colonic enteroids (colonoids) were compliant with all relevant ethical regulations for
work with human participants, including obtaining informed consent. All human
colon sample collection was performed in accordance with the University of
Michigan Institutional Review Board regulations. Isolated colonoids were re-
suspended in matrigel and cultured in growth media (50% L-WRN conditioned
media:50% Advanced DMEM/F-12, 10% FBS, 2 mM GlutaMax, 10mM HEPES, N-2
media supplement, B-27 Supplement, 1 mM N-Acetyl-L-cysteine, 50 ng/mL huEGF,
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100 units/mL Penicillin, 0.1mg/mL streptomycin, 500 nM A83-01, 10 µM SB202190,
10mM Nicotinamide, 10 nM Gastrin). Media was replaced every other day, and
colonoid cultures were maintained via passaging one time per week. To generate 2D
monolayers, colonoids grown as described above were spun out of matrigel and
dissociated into a single cell suspension using Trypsin/EDTA in collagen coated
48 well tissue culture plates according to published protocols50. Following 1 day in
complete growth media cells were switched to differentiation media (growth media
minus Wnt3a, R-Spondin, Nicotinamide and SB202190 and with a 50% reduction in
Noggin) for 4–5 days of differentiation into monolayers of colonoid epithelium.

Cell culture. Mode-K cells were cultured with DMEM in presence of 10% FBS, 100
IU penicillin, 100 μg/ml streptomycin. HT-29 cells were cultured with McCoy’s
Medium in presence of 10% FBS, 100 IU penicillin, and 100 μg/ml streptomycin.

Scratch-wound assay. For scratch-wound assays, cells were cultured in a 24-well
plate until they achieved confluence. Six hours prior to making the scratch fresh
medium ± Erdr1 (1 μg/mL) was added and subsequently a scratch across the
monolayer was made using a P200 pipette tip. For Erdr1 knockdown experiments,
sub-confluent Mode-K cells were transfected with anti-Erdr1 siRNA (L-053706-01,
Dharmacon) or control siRNA (D-001810-1, Dharmacon) using lipofectamine
2000 (Invitrogen) 24 h prior to scratch-wounding. Wound closure was measured
by ImageJ software. For time-lapse imaging of wound closure, movies were cap-
tured using an EVOS FL Auto imaging system with humidified, on-stage incubator
at 37 °C, 5% CO2.

Cell cycle analysis. Cells stimulated Erdr1 were fixed with 70% ethanol for 3 h on
ice. After washing with cold PBS, cells were stained with FxCycle PI/RNase
Staining Solution (F10797, Invitrogen) and analyzed by flow cytometry.

Recombinant Erdr1. Generation of recombinant Erdr1 was performed by Gene-
Script (NJ, US). Briefly, full length Erdr1 was cloned into the pET30a vector to
generate N-terminal His-tagged Erdr1. E.coli was transformed with this plasmid
and cultured in medium containing ampicillin. IPTG was introduced for protein
induction. Erdr1-His was purified on a nickel column and purity was >90% as
confirmed by SDS-PAGE and MALDI-TOF. Potential endotoxin was removed
using High Capacity Endotoxin Removing Spin Columns (88274, ThermoFisher).

anti-Erdr1 polyclonal antibody. Generation of anti-Erdr1 pAb was performed
GeneScript (NJ, US). Briefly, rabbits were immunized with full length recombinant
Erdr1 and subsequently purified using an Erdr1 affinity column. Potential endo-
toxin was removed using High Capacity Endotoxin Removing Spin Columns
(88274, ThermoFisher).

In situ hybridization and immunofluorescence staining. For in situ hybridiza-
tion and immunofluorescence staining, samples from small and large intestine were
fixed in 10% formalin, embedded in paraffin and processed into 5 μm sections. In
situ hybridization was performed using the RNAscope 2.5HD kit (Advanced Cell
Diagnostics) following the manufacturer’s protocol. We used an Erdr1 probe
(465108, Advanced Cell Diagnosis) and a negative control probe (310043,
Advanced Cell Diagnosis). TSA plus fluorescein, TSA plus Cyanine 3, and TSA
plus Cyanine 5 (PerkinElmer) were used for detection. For BrdU staining, BrdU
(423401, Biolegend) was dissolved in PBS to 5 mg/mL and 200 μL was injected
intraperitoneally 6 h before euthanization to label proliferating cells. For immu-
nofluorescence staining, tissue sections were permeabilized with 0.3% TritonX-100
and blocked in 3% BSA for 1 h at room temperature prior to incubation overnight
with anti-Ki-67 antibody (ab15580, Abcam, 1:500 dilution), anti-BrdU antibody
(ab6326, abcam, 1:250 dilution) or anti-GFP antibody (GFP-1020, Aves, 1:1000
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dilution) at 4 °C. Alexa Fluor 488-conjugated anti-rabbit IgG secondary antibody
(A21206, Invitrogen, 1:1000 dilution), Alexa Fluor 647-conjugated anti-Rat IgG
secondary antibody (A21247, Invitrogen, 1:1000 dilution) or Alexa Fluor 647-
conjugated anti-chicken IgY secondary antibody (A21449, Invitrogen, 1:1000
dilution) were added for 1 h. Images of sections were obtained using a Zeiss
LSM800 confocal microscope.

Chromatin immunoprecipitation (ChIP). ChIP assays were performed using the
SimpleChIP Plus Enzymatic Chromatin IP kit (9004 S, Cell Signaling). Briefly,
chromatin DNA was obtained from colon tissue or cultured organoids after fixa-
tion with formaldehyde and fragmented using micrococcal nuclease and sonication
to generate lengths of ~150–900 bp. Digested chromatin was then incubated with
control IgG (2729, Cell Signaling) or anti-acetyl-histone H3 Ab (06-599, EMD
Millipore, 1:150 dilution) and precipitated using protein G agarose beads (9007,
Cell Signaling). ChIP DNA was purified and subjected to qPCR using iTaq Uni-
versal SYBR Green Supermix (1725124, Bio-Rad) on StepOnePlus real-time PCR
system (Applied Biosystems). Specific primers were designed targeting 1000 bp
upstream of transcriptional starting site of Erdr1: F, 5′-GATCGCCATGTGCTCG
C-3′; R, 5′-GGAGGCCGAGTCCGAT-3′.

Radiation-induced injury. For radiation-induced injury, mice received whole body
X-ray radiation (10 Gy) and were injected with Erdr1 (6 μg/mice) daily on days 0,
1, and 2. At day 3 post radiation, intestinal tissue was collected and stained with Ki-
67 and EGFP (as a surrogate of Lgr5 expression). For TUNEL assays, paraffin
embedded tissue sections were stained using the Click-iT TUNEL Assay for In Situ
Apoptosis Detection Alexa Fluor 647 dye (C10619, Invitrogen).

DSS model of colonic damage. Mice were treated with 3% (wt/vol) DSS (MP Bio-
medicals; molecular weight: 36,000–50,000) in the drinking water for 5 days and
then switched to normal drinking water. Mice were monitored daily for signs of
disease with score of 0–4 assigned for weight loss, stool consistency, and presence
of blood in stool. The individual scores were added and the average score was DAI.
For anti-Erdr1 Ab treatment, mice were injected (i.p.) on day 4 and 7 with 160 μg
of anti-Erdr1 Ab and analyzed at day 9.

Histology. Colons were fixed with 10% formalin and embedded by paraffin. Tissue
was cut into 5 μm sections and stained with hematoxylin/eosin. The degree of

inflammation and epithelial damage was scored with average of two parameters
include immune cell infiltration (0–3) and intestinal architecture (0–3).

RNA isolation and qPCR. Total RNA was isolated from cells and tissues using a
Qiagen RNeasy Mini Kit and QIAcube with on column DNase digestion. cDNA
was generated using the Hight-Capacity cDNA Reverse Transcriptional Kit
(Applied Biosystems). qPCR was performed with SYBR Green on a StepOnePlus
real-time PCR system (Applied Biosystems) and gene expression was normalized to
Gapdh. Primers used were:

Erdr1 (F, 5′-TGATGTCACCCACGAAAGCA-3′; R, 5′-TTCCTCCGTGAGAA
TCGCTC-3′)

Lgr5 (F, 5′-GTGGACTGCTCGGACCTG-3′; R, 5′-GCTGACTGATGTTGTTC
ATACTGAG-3′)

Ascl2 (F, 5′-GTTAGGGGGCTACTGAGCAT-3′; R, 5′-GTCAGCACTTGGCA
TTTGGT-3′)

Smoc2 (F, 5′-CCCAAGCTCCCCTCAGAAG-3′; R, 5′-GCCACACACCTGGA
CACAT-3′)

Olfm4 (F, 5′-CTGCTCCTGGAAGCTGTAGT-3′; R, 5′-ACCTCCTTGGCCAT
AGCGAA-3′)

Tnfrsf19 (F, 5′-GAGGCTGGGAAGACAGGGAA-3′; R, 5′-AAGCTAGTGGC
TGAAAGGATGG-3′)

Axin2 (F, 5′-TACGAGGAAGACCCGCAGA-3′; R, 5′-GAGCAGGGAGTGG
TACTGC-3′)

Myc (F, 5′-CGCGATCAGCTCTCCTGAAA-3′; R, 5′GCTGTACGGAGTCGT
AGTCG-3′)

Sox9 (F, 5′-TGAAGAACGGACAAGCGGAG-3′; R, 5′-CAGCTTGCACGTCG
GTTTTG-3′)

Ephb2 (F, 5′-TACAACGCCACGGCCATAAA-3′; R, 5′-CCAACGATGAGGG
GTAGCTT-3′)

Hes1 (F, 5′-CCAGCCAGTGTCAACACGA-3′; R, 5′-AATGCCGGGAGCTAT
CTTTCT-3′)

Yap1 (F, 5′-CGGCAGTCCTCCTTTGAGAT-3′; R, 5′-TTCAGTTGCGAAAG
CATGGC-3′)

Cyr61 (F, 5′-CAGTGCTGTGAAGAGTGGGT-3′; R, 5′-GCGTGCAGAGGGT
TGAAAAG-3′)

Ctgf (F, 5′-AGGGCCTCTTCTGCGATTTC-3′; R, 5′-CTTTGGAAGGACTCA
CCGCT-3′)

Gapdh (F, 5′-TGCACCACCAACTGCTTAG-3′; R, 5′-GGATGCAGGGATGA
TGTTC-3′)
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RNAseq. Total RNA was collected using Qiagen RNeasy Mini Kit (QIAGEN) from
two mice in each group. RNA quality was assessed by nanodrop, agarose gel
electrophoresis and using an Agilent 2100 Bioanalyzer. The mRNA-seq experi-
ments were performed by Novogene (Beijing, China). We mapped the sequencing
reads to the reference mouse genome GRCm38/mm10 using SYAR v2.5. Gene
expression analysis was performed using HTSeq v0.6.1. Volcano plots were gen-
erated using R.

TOP/FOP assay. SKCO-15 colonic epithelial cells were seeded in 48-well tissue
culture plates (60,000 cells per well) and transiently transfected with a β-catenin
reporter containing 3 TCF/LEF-binding sites upstream of the luciferase reporter
(TOP-Flash plasmid) or a negative control, FOP-Flash, which contains three TCF/
LEF-mutated binding sites upstream of the luciferase reporter (Upstate Bio-
technology). Transfections were carried out using Lipofectamine 2000 (Invitrogen
Life Technologies). Seventy-two hours following transfection and Erdr1 treatment,
Luciferase activity was measured in cell lysates using the Dual Luciferase Reporter
Assay System (Promega) in the GloMax 96 Luminometer.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
RNAseq raw data have been deposited in the European Nucleotide Archive: PRJEB35428.
The source data underlying Figs. 1c–d, 3a–b, d–f, 4a, c–d, 5a–b, 6b, d, f–g, i, 7b, d, 8a, c, e,
and Supplementary Figs. 1, 4b–d, 5b–c, 6–9, 11a–b, 12, 13b–d, f, 14b, 15b, 16b are
provided as a Source Data.

Received: 21 March 2019; Accepted: 22 December 2019;

References
1. Ley, R. E., Lozupone, C. A., Hamady, M., Knight, R. & Gordon, J. I. Worlds

within worlds: evolution of the vertebrate gut microbiota. Nat. Rev. Microbiol.
6, 776–788 (2008).

2. Hooper, L. V. Epithelial cell contributions to intestinal immunity. Adv.
Immunol. 126, 129–172 (2015).

3. Hooper, L. V., Littman, D. R. & Macpherson, A. J. Interactions between the
microbiota and the immune system. Science 336, 1268–1273 (2012).

4. Honda, K. & Littman, D. R. The microbiota in adaptive immune homeostasis
and disease. Nature 535, 75–84 (2016).

5. Dominguez-Bello, M. G., Godoy-Vitorino, F., Knight, R., & Blaser, M. J. Role
of the microbiome in human development. Gut 68, 1108–1114 (2019).

6. Knight, R. et al. The microbiome and human biology. Annu. Rev. Genomics
Hum. Genet 18, 65–86 (2017).

7. Gilbert, J. A. et al. Microbiome-wide association studies link dynamic
microbial consortia to disease. Nature 535, 94–103 (2016).

8. Gensollen, T., Iyer, S. S., Kasper, D. L. & Blumberg, R. S. How colonization by
microbiota in early life shapes the immune system. Science 352, 539–544 (2016).

9. Jostins, L. et al. Host–microbe interactions have shaped the genetic
architecture of inflammatory bowel disease. Nature 491, 119–124 (2012).

10. Ege, M. J. et al. Exposure to environmental microorganisms and childhood
asthma. N. Engl. J. Med. 364, 701–709 (2011).

11. Gholizadeh, P. et al. Microbial balance in the intestinal microbiota and its
association with diabetes, obesity and allergic disease. Micro. Pathog. 127,
48–55 (2019).

12. Round, J. L. & Mazmanian, S. K. The gut microbiota shapes intestinal immune
responses during health and disease. Nat. Rev. Immunol. 9, 313–323 (2009).

13. Skelly, A. N., Sato, Y., Kearney S., & Honda, K. Mining the microbiota for
microbial and metabolite-based immunotherapies. Nat. Rev. Immunol. 19,
305–323 (2019).

14. Gomez de Aguero, M. et al. The maternal microbiota drives early postnatal
innate immune development. Science 351, 1296–1302 (2016).

15. Macpherson, A. J., de Aguero, M. G. & Ganal-Vonarburg, S. C. How nutrition
and the maternal microbiota shape the neonatal immune system. Nat. Rev.
Immunol. 17, 508–517 (2017).

16. Tamburini, S., Shen, N., Wu, H. C. & Clemente, J. C. The microbiome
in early life: implications for health outcomes. Nat. Med. 22, 713–722
(2016).

17. Kato, L. M., Kawamoto, S., Maruya, M. & Fagarasan, S. The role of the
adaptive immune system in regulation of gut microbiota. Immunol. Rev. 260,
67–75 (2014).

18. Levy, M., Thaiss, C. A. & Elinav, E. Metabolites: messengers between
the microbiota and the immune system. Genes Dev. 30, 1589–1597
(2016).

19. Marchiando, A. M., Graham, W. V. & Turner, J. R. Epithelial barriers in
homeostasis and disease. Annu. Rev. Pathol. 5, 119–144 (2010).

20. Beumer, J. & Clevers, H. Regulation and plasticity of intestinal stem cells
during homeostasis and regeneration. Development 143, 3639–3649 (2016).

21. Houh, Y. K., Kim, K. E., Park, H. J., & Cho, D. Roles of erythroid
differentiation regulator 1 (Erdr1) on inflammatory skin diseases. Int. J. Mol.
Sci. 17, 2059 (2016).

22. Weis, A. M., Soto, R. & Round, J. L. Commensal regulation of T cell survival
through Erdr1. Gut Microbes 9, 458–464 (2018).

23. Soto, R. et al. Microbiota promotes systemic T-cell survival through suppression
of an apoptotic factor. Proc. Natl Acad. Sci. USA 114, 5497–5502 (2017).

24. Alenghat, T. & Artis, D. Epigenomic regulation of host–microbiota
interactions. Trends Immunol. 35, 518–525 (2014).

25. Dormer, P., Spitzer, E., Frankenberger, M. & Kremmer, E. Erythroid
differentiation regulator (EDR), a novel, highly conserved factor I. Induction
of haemoglobin synthesis in erythroleukaemic cells. Cytokine 26, 231–242
(2004).

26. Lee, J., Jung, M. K., Park, H. J., Kim, K. E., & Cho, D. Erdr1 Suppresses
murine melanoma growth via regulation of apoptosis. Int. J. Mol. Sci. 17,
E107 (2016).

27. Mango, R. L. et al. C-C chemokine receptor 5 on pulmonary mesenchymal
cells promotes experimental metastasis via the induction of erythroid
differentiation regulator 1. Mol. Cancer Res. 12, 274–282 (2014).

28. Wang, F. et al. RNAscope: a novel in situ RNA analysis platform for formalin-
fixed, paraffin-embedded tissues. J. Mol. Diagn. 14, 22–29 (2012).

29. Barker, N. Adult intestinal stem cells: critical drivers of epithelial homeostasis
and regeneration. Nat. Rev. Mol. Cell Biol. 15, 19–33 (2014).

30. Yu, S. et al. Paneth cell multipotency induced by notch activation following
injury. Cell Stem Cell 23, 46–59 e45 (2018).

31. Lee, H. R. et al. ERDR1 enhances human NK cell cytotoxicity through an
actin-regulated degranulation-dependent pathway. Cell Immunol. 292, 78–84
(2014).

32. Sato, T. et al. Single Lgr5 stem cells build crypt-villus structures in vitro
without a mesenchymal niche. Nature 459, 262–265 (2009).

33. Clevers, H., Loh, K. M. & Nusse, R. Stem cell signaling. An integral program
for tissue renewal and regeneration: Wnt signaling and stem cell control.
Science 346, 1248012 (2014).

34. Gehart, H. & Clevers, H. Tales from the crypt: new insights into intestinal
stem cells. Nat. Rev. Gastroenterol. Hepatol. 16, 19–34 (2019).

35. van Es, J. H. et al. A critical role for the Wnt effector Tcf4 in adult intestinal
homeostatic self-renewal. Mol. Cell Biol. 32, 1918–1927 (2012).

36. Farin, H. F., Van, Es. J. H. & Clevers, H. Redundant sources of Wnt regulate
intestinal stem cells and promote formation of Paneth cells. Gastroenterology
143, 1518–1529 e1517 (2012).

37. VanDussen, K. L. et al. Notch signaling modulates proliferation and
differentiation of intestinal crypt base columnar stem cells. Development 139,
488–497 (2012).

38. Gregorieff, A., Liu, Y., Inanlou, M. R., Khomchuk, Y. & Wrana, J. L. Yap-
dependent reprogramming of Lgr5(+) stem cells drives intestinal regeneration
and cancer. Nature 526, 715–718 (2015).

39. Suh, H. N. et al. Quiescence exit of Tert(+) stem cells by Wnt/beta-
Catenin is indispensable for intestinal regeneration. Cell Rep. 21, 2571–2584
(2017).

40. Metcalfe, C., Kljavin, N. M., Ybarra, R. & de Sauvage, F. J. Lgr5+ stem cells are
indispensable for radiation-induced intestinal regeneration. Cell Stem Cell 14,
149–159 (2014).

41. Bankaitis, E. D., Ha, A., Kuo, C. J. & Magness, S. T. Reserve stem cells
in intestinal homeostasis and injury. Gastroenterology 155, 1348–1361
(2018).

42. Dormer, P., Spitzer, E. & Moller, W. EDR is a stress-related survival factor
from stroma and other tissues acting on early haematopoietic progenitors (E-
Mix). Cytokine 27, 47–57 (2004).

43. Woo, V. & Alenghat, T. Host-microbiota interactions: epigenomic regulation.
Curr. Opin. Immunol. 44, 52–60 (2017).

44. Fellows, R. et al. Microbiota derived short chain fatty acids promote histone
crotonylation in the colon through histone deacetylases. Nat. Commun. 9, 105
(2018).

45. Navabi, N. et al. Epithelial histone deacetylase 3 instructs intestinal immunity
by coordinating local lymphocyte activation. Cell Rep. 19, 1165–1175 (2017).

46. Harusato, A. et al. Early-life microbiota exposure restricts myeloid-derived
suppressor cell-driven colonic tumorigenesis. Cancer Immunol. Res. 7,
544–551 (2019).

47. Yue, F. et al. A comparative encyclopedia of DNA elements in the mouse
genome. Nature 515, 355–364 (2014).

48. Lindemans, C. A. et al. Interleukin-22 promotes intestinal-stem-cell-mediated
epithelial regeneration. Nature 528, 560–564 (2015).

49. Gronke, K. et al. Interleukin-22 protects intestinal stem cells against genotoxic
stress. Nature 566, 249–253 (2019).

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-14258-z ARTICLE

NATURE COMMUNICATIONS |          (2020) 11:513 | https://doi.org/10.1038/s41467-019-14258-z | www.nature.com/naturecommunications 11

www.nature.com/naturecommunications
www.nature.com/naturecommunications


50. Sato, T. & Clevers, H. Growing self-organizing mini-guts from a single
intestinal stem cell: mechanism and applications. Science 340, 1190–1194
(2013).

51. Barker, N. et al. Identification of stem cells in small intestine and colon by
marker gene Lgr5. Nature 449, 1003–1007 (2007).

Author contributions
H.A. and T.L.D. conceived the idea for this project and designed the experiments.
H.A. performed most of the experiments and analyzed the data. B.C analyzed
RNAseq data. M.Q. and J.C.B. performed TOP/FOP assay and human organoid cul-
ture. A.H., V.L.N., and E.V. provided technical support. B.C., A.N., D.M., and A.T.G.
provided reagents, mice and critical discussion. The manuscript was written by H.A
and T.L.D.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
019-14258-z.

Correspondence and requests for materials should be addressed to T.L.D.

Peer review information Nature Communications thanks Takanori Kanai and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-14258-z

12 NATURE COMMUNICATIONS |          (2020) 11:513 | https://doi.org/10.1038/s41467-019-14258-z | www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-019-14258-z
https://doi.org/10.1038/s41467-019-14258-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Erythroid differentiation regulator-1 induced by microbiota in early life drives intestinal stem cell proliferation and regeneration
	Results
	Early-life microbiota regulates Erdr1 expression
	Erdr1 is expressed in Lgr5+ ISCs and TA cells
	Erdr1 increases growth of intestinal organoids
	Erdr1 induces expansion of Lgr5+ ISCs
	Erdr1 enhances Wnt signaling in IECs and organoids
	Erdr1 accelerates wound closure in mouse and human IECs
	Erdr1 promotes the regeneration of Lgr5+ ISCs
	Erdr1 promotes recovery from DSS-induced colitis

	Discussion
	Methods
	Mice
	exGF model
	Organoid culture
	Cell culture
	Scratch-wound assay
	Cell cycle analysis
	Recombinant Erdr1
	anti-Erdr1 polyclonal antibody
	In situ hybridization and immunofluorescence staining
	Chromatin immunoprecipitation (ChIP)
	Radiation-induced injury
	DSS model of colonic damage
	Histology
	RNA isolation and qPCR
	RNAseq
	TOP/FOP assay
	Reporting summary

	Data availability
	References
	Author contributions
	Competing interests
	Additional information




