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SUMMARY

It was recently shown that progenitors of enteroendocrine
cells contribute to intestinal epithelial growth, but the un-
derlying mechanisms remain poorly understood. We un-
cover the role of enteroendocrine cell–progenitor enriched
microRNA 7 in regulating intestinal epithelial growth via
Xiap and Egfr signaling.

BACKGROUND & AIMS: The enteroendocrine cell (EEC)
lineage is important for intestinal homeostasis. It was
recently shown that EEC progenitors contribute to intestinal
epithelial growth and renewal, but the underlying mecha-
nisms remain poorly understood. MicroRNAs are under-
explored along the entire EEC lineage trajectory, and
comparatively little is known about their contributions to
intestinal homeostasis.
FLA 5.6.0 DTD � JCMGH543 proof � 5
METHODS: We leverage unbiased sequencing and eight
different mouse models and sorting methods to identify
microRNAs enriched along the EEC lineage trajectory. We
further characterize the functional role of EEC progenitor-
enriched miRNA, miR-7, by in vivo dietary study as well as
ex vivo enteroid in mice.

RESULTS: First, we demonstrate that miR-7 is highly enriched
across the entire EEC lineage trajectory and is the most
enriched miRNA in EEC progenitors relative to Lgr5þ intestinal
stem cells. Next, we show in vivo that in EEC progenitors miR-7
is dramatically suppressed under dietary conditions that favor
crypt division and suppress EEC abundance. We then demon-
strate by functional assays in mouse enteroids that miR-7 ex-
erts robust control of growth, as determined by budding (proxy
for crypt division), EdU and PH3 staining, and likely regulates
EEC abundance also. Finally, we show by single-cell RNA
sequencing analysis that miR-7 regulates Xiap in progenitor/
stem cells and we demonstrate in enteroids that the effects of
December 2019 � 3:25 pm � ce OB



117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

2 Singh et al Cellular and Molecular Gastroenterology and Hepatology Vol. -, No. -
miR-7 on mouse enteroid growth depend in part on Xiap and
Egfr signaling.

CONCLUSIONS: This study demonstrates for the first time that
EEC progenitor cell-enriched miR-7 is altered by dietary per-
turbations and that it regulates growth in enteroids via intact
Xiap and Egfr signaling. (Cell Mol Gastroenterol Hepatol
2019;-:-–-; https://doi.org/10.1016/j.jcmgh.2019.11.001)

Keywords: miR-7; Enteroendocrine Lineage; Small Intestine;
Enteroid; Proliferation.

he intestinal epithelium is the most rapidly renew-
*Authors contributed equally.

Abbreviations used in this paper: aISC, actively cycling intestinal stem
cell; BSA, bovine serum albumin; EdU, 5-ethynyl-20deoxyuridine; EEC,
enteroendocrine cell; FACS, fluorescence-activated cell sorting; HFD,
high-fat diet; IAP, inhibitor of apoptosis protein; ISC, intestinal stem
cell; LFD, low-fat diet; LNA, locked nucleic acid; LNA-7, locked nucleic
acid inhibitors against microRNA 7; LNA-scr, locked nucleic acid
scramble control; LSP, lower side population; miR-7, microRNA 7;
miRNA, microRNA; rISC, reserve/slowly cycling intestinal stem cell;
PBS, phosphate-buffered saline; RNA-seq, RNA sequencing; RT-
qPCR, reverse transcriptase quantitative polymerase chain reaction;
USP, upper side population.
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Ting tissue in the body. This feature is driven by
crypt-based intestinal stem cells (ISCs), which exhibit self-
renewal properties and are responsible for giving rise to
all of the differentiated cell types in the absorptive (enter-
ocyte) and secretory lineages (Paneth cell, tuft cell, goblet
cell and enteroendocrine cells [EECs]).1 So far, 2 distinct
populations of ISCs have been defined: actively cycling ISCs
(aISCs) at the base of the crypt and reserve/slowly cycling
ISCs (rISCs) at the þ4 position from the crypt base.2 More
recently, though, several other intermediate cell pop-
ulations, notably progenitors of EECs, have been shown to
participate in the control of crypt behavior under certain
conditions.3,4

EEC progenitors, which were thought to be fully
committed to EEC differentiation, have recently been
recognized to have proliferative potential and thereby
contribute to the control of cell proliferation, crypt growth,
and related behaviors.3,4 A recent study identified Prospero
homeobox protein 1 (Prox1) as a novel marker labeling
intermediates in the EEC lineage and demonstrated that
sorted Prox1þ cells are sufficient for establishing enteroids
ex vivo. Despite this advance, much remains unknown about
the mechanisms that control EEC lineage behavior. It is of
substantial interest to map the molecular landscape of the
cells in the entire EEC lineage trajectory to define the
mechanisms that control intestinal epithelial cell prolifera-
tion, crypt division or growth, or EEC differentiation.

MicroRNAs (miRNAs) are prominent posttranscriptional
regulators of growth and cell fate decisions in many organ
systems and disease models5,6; however, very little is
known about their role in the regulation of intestinal crypt
behavior. In fact, it is not even known which miRNAs are
expressed along the entire EEC lineage trajectory, particu-
larly the EEC progenitors or whether they are sensitive to
perturbations that influence crypt division or EEC differ-
entiation.7 In this study, using 8 different reporter mice and
several sorting methods, we profile miRNAs in several lin-
eages of the small intestinal epithelium, identify microRNA 7
(miR-7) as the most highly enriched miRNA in EEC pro-
genitors relative to Lgr5þ stem cells, show that miR-7 in
EEC progenitors is among the most sensitive miRNAs to
dietary conditions that favor crypt growth and reduced EEC
abundance, and demonstrate through ex vivo functional
studies and single cell analyses that miR-7 controls enteroid
growth in part by regulation of Xiap.
FLA 5.6.0 DTD � JCMGH543 proof � 5
Results
MiR-7 Is the Most Enriched miRNA in EEC
Progenitors Relative to Lgr5þ Stem Cells

In this study, we defined the EEC lineage trajectory as
the following: (1) Lgr5þ aISCs, (2) Sox9-Low cells and
Hopxþ cells that exhibit features of the EEC lineage, (3)
Prox1þ EEC progenitors, (4) Sox9-High and lower side
population (LSP) cells that represent a mixed population of
rISCs and mature EECs, and (5) Pyyþ cells that represent
mature EECs. To define the miRNA landscape across the EEC
lineage trajectory, we first investigated Sox9-EGFP reporter
mice (Figure 1A). From the jejunal crypts of the Sox9-EGFP
mice, we sorted and performed small RNA sequencing
(RNA-seq) analysis on 4 different epithelial cell populations
enriched in enterocytes (Sox9-Negative), stem cells or EEC
progenitors (Sox9-Low) (hereafter referred to as EEC pro-
genitors), transit amplifying cells (Sox9-Sublow), and
mature EECs (Sox9-High), and demonstrated that each
fraction is enriched for the expected markers (Figure 1B).
We then focused our analysis on the cell populations in the
EEC lineage trajectory, Sox9-Low and Sox9-High. The small
RNA-seq analysis identified a total of 187 miRNAs in these 2
populations. Of these, we found that only 8 miRNAs are
enriched (>5-fold) in mature EECs (class A), 2 in stem or
EEC progenitors (class B), and 14 in both (class C) relative
to unsorted intestinal epithelial cells (Table 1). Class A
miRNAs represent candidate regulators of mature EEC
function, class B miRNAs represent candidate regulators of
EEC progenitor cell behavior, and class C miRNAs represent
candidate regulators of both mature EEC function and EEC
progenitor cell behavior. Notably, class C miRNAs include
miR-7b, which has been previously extensively studied in
the context of endocrine pancreatic development and
function.8–15 miR-7 was also shown to be enriched in a
specific subtype of mature EECs and cholecystokinin-
producing EECs,16 and also in enterochromaffin cell-
derived tumors17; however, importantly, the expression
pattern of miR-7 (or any other miRNA) across the entire
EEC lineage trajectory has never before been reported.

Next, from the jejunal crypts of Lgr5-EGFP, Prox1-EGFP,
and Hopx-CreERT2;Rosa26-tdTomato reporter mice
(Figure 1A), we sorted Lgr5þ, Prox1þ, and Hopxþ cells,
respectively, and performed small RNA-seq to define
234
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Figure 1. MicroRNA-7 is highly enriched in the enteroendocrine (EEC) lineage trajectory. (A) Schematic diagram of different
sorted cell populations representing specific cell lineages in the small intestine. (B) Level of expression (RNA-seq) of specific
marker genes in each of the Sox9-Low (n¼ 4), Sox9-High (n¼ 3), and Sox9-Negative (n¼ 4) populations of cells. (C) Hierarchical
clustering analysis based on the expression profiles of the top 50 most variable miRNAs across the different sorted cell pop-
ulations shown in the heat map (Sox9-Low, n¼ 3; Sox9-High, n¼ 3; Sox9-Negative, n¼ 3; Sox9-Sublow, n¼ 3; Sox9-Unsorted,
n¼ 2; Lgr5-High, n¼ 2; Hopxþ, n¼ 4; Prox1þ, n¼ 3). (D) MiR-7a/b expression in the EEC lineage vs non-EEC absorptive lineage.
Similar data for miR-194 andmiR-215 provided for sake of comparison. (E) RT-qPCR data showing enrichment ofHopx andmiR-7
in Hopxþ cells (n¼ 4) relative to Hopx– cells (n¼ 4). (F) RT-qPCR data showing enrichment of miR-7, Lgr5, and Chga in LSP (n¼
2) relative toUSP (n¼ 2) and Lgr5þ cells (n¼ 2). (G) RT-qPCR data showing enrichment ofProx1, miR-7, andChga in Prox1þ cells
(n ¼ 3) compared with Prox1– cells (n ¼ 3). (H) Scatter plot showing abundance (y-axis) and enrichment (x-axis) of all detected
miRNAs in Prox1þ cells (n ¼ 3) relative to Prox1– cells (n ¼ 3). MiRNAs above expression of 1000 reads per million mapped to
miRNAs and 5-fold enrichment are shown in red (n ¼ 10). Among these, miR-7b is highlighted in blue. (I) Fold-difference in
expression of the 10miRNAs highlighted in panel F in Prox1þ cells (n¼ 3) relative to Lgr5þ cells (n¼ 2) highlightsmiR-7 (blue) as a
robust EEC progenitor cell enrichedmiRNA. (J) The left panel shows RT-qPCR data showing enrichment of Lyz1 (marker of Paneth
cells) in Defa6þ (n ¼ 4) relative to Defa6– cells (n ¼ 4). The middle panel shows RT-qPCR data showing enrichment of Dclk1
(marker of tuft cells) in Siglecfþ/CD45-/EpCamþ cells (n ¼ 2) relative to unsorted cells (n ¼ 2). The right panel shows RT-qPCR
data showingmiR-7 enrichment in EECs (Sox9-High; n¼ 3) compared with Paneth and tuft cells. * P< .05, ** P< .01, *** P< .001
by 2-tailed Student t test. RQV, relative quantitative value.
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Table 1.Small RNA-seq Profiling Followed by Enrichment
Analysis of miRNAs in Stem/EEC Progenitors (Sox9-
Low, n ¼ 3) and in Mature EECs (Sox9-High, n ¼ 3)
Relative to Unsorted Intestinal Epithelial Cells (n ¼ 2)

Class A
miRNAs Enriched
in Mature EEC
(Sox9-High)

Class B
miRNAs Enriched
in Progenitor EEC

(Sox9-Low)

Class C
miRNAs Enriched in
Both Mature and
Progenitor EECs

miR-139-3p miR-181c-3p let-7e-5p

miR-182-5p miR-181d-5p miR-1224-5p

miR-182-5p_þ_1 miR-125a-5p

miR-183-5p miR-132-3p

miR-183-5p_þ_1 miR-184-3p

miR-328-3p miR-375-3p

miR-672-5p miR-375-3p_-_1

miR-744-5p miR-375-3p_þ_1

miR-375-3p_þ_2

miR-7a-2-3p

miR-7b-5p

miR-7b-5p_þ_1

miR-92b-3p

miR-99b-5p

Only miRNAs that have an average reads per million mapped
to miRNAs (reads per million mapped to miRNAs) >100 in
either Sox9-Low or Sox9-High and have <2-fold enrichment
in Sox9-Sublow (transit-amplifying cells) and Sox9-Negative
(enterocytes) are shown.
EEC, EEC, enteroendocrine cell; miRNA, microRNA; RNA-
seq, RNA sequencing.
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miRNA profiles in each population (Figure 1C). We found
that the level of expression of miR-7a and miR-7b increases
steadily along the EEC trajectory from Lgr5þ aISCs to
Sox9-Low EEC progenitors to Sox9-High mature EECs, in
contrast to other miRNAs such as miR-194 and miR-215,
which are depleted in the EEC lineage and enriched in
the non-EEC, absorptive lineage (Sox9-Sublow and Sox9-
Negative) (Figure 1D). We also found by quantitative po-
lymerase chain reaction (qPCR) that miR-7 is significantly
enriched in Hopxþ cells (Figure 1E), which have been
shown previously to exhibit molecular features of EEC
progenitors.18 Moreover, through small RNA-seq analysis,
we found that miR-7b is one of the top 3 miRNAs to be
significantly enriched (>5-fold enrichment based on
expression as measured by reads per million mapped to
miRNAs and P < .05 by 2-tailed Student t test) in Hopxþ
cells relative to Hopx– cells, further underscoring the po-
tential importance of miR-7b in EEC progenitors.

To validate that the miR-7 family is enriched in EEC
progenitors, we next performed side population sorting of
the intestinal epithelium and isolated the LSP and upper
side population (USP) of cells, which correspond to rISCs
and aISCs, respectively (Figure 1A). Consistent with the
notion of overlapping identity between rISCs and cell pop-
ulations in the EEC lineage,18 we found that LSP cells exhibit
molecular features of mature EECs and EEC progenitors,
FLA 5.6.0 DTD � JCMGH543 proof � 5
including expression of Chga (Figure 1F), and are depleted
for markers of aISCs, including Lgr5 (Figure 1F). RT-qPCR
analysis showed that miR-7 is significantly enriched in LSP
relative to both USP and Lgr5þ cells (Figure 1F), confirming
miR-7 enrichment in cells with EEC progenitor features.

To cement the finding of miR-7 enrichment in EEC pro-
genitors, we next turned our attention to the Prox1þ cells
sorted from the intestinal epithelium of Prox1-EGFP re-
porter mice (Figure 1A, C). Prox1 was recently shown to
mark intestinal secretory progenitors with the capacity to
either differentiate to mature EECs or exhibit proliferative
stem cell–like activity (4), and our small RNA-seq analysis
showed that the miRNA profile of intestinal epithelial
Prox1þ cells most closely resembles that of Hopxþ cells
(rISCs/EEC progenitors) and Sox9-Low cells (EEC pro-
genitors) (Figure 1C). We first demonstrated by qPCR that
the traditional EEC lineage marker, Chga, and miR-7 are
significantly enriched in Prox1þ cells (Figure 1G). Then, we
analyzed the small RNA-seq data and found that only 10
miRNAs are >5-fold enriched in Prox1þ cells relative to
Prox1– cells (Figure 1H). Several of these, including miR-7b,
overlap with the class C miRNAs defined in Table 1. Notably,
among these 10 miRNAs, we found that miR-7b is by far the
most dramatically enriched (w41-fold) in Prox1þ EEC
progenitors relative to Lgr5þ aISCs (Figure 1I).

Prox1þ progenitor cells are thought to give rise not only
to mature EECs but also to differentiated tuft cells. To
determine whether miR-7 is truly enriched along the EEC
lineage trajectory, or also highly abundant in tuft cells, we
next measured miR-7 in mouse jejunal tuft cells (Epcamþ/
Siglecfþ/Cd45– cells sorted from wild-type C57BL/6J mice),
which are highly enriched as expected for the tuft cell
marker Dclk1 (Figure 1J). This analysis revealed that miR-7
is >350-fold enriched in Sox-9 High EECs relative to Dclk1þ
tuft cells (Figure 1J). As a control, we also included Lyz1þ
Paneth cells sorted from the Defa6-Cre;tdTomato line
(Figure 1J), and demonstrated that miR-7 is indeed signifi-
cantly depleted in these cells relative to Sox9-High EECs
(Figure 1J). As additional validation, we sorted Pyyþ EECs
from the jejunum of Pyy-EGFP reporter mice and found that
miR-7 is >600-fold more highly expressed in Pyyþ cells
than in tuft cells (data not shown). These findings provide
strong support for the enrichment of miR-7 along the entire
EEC lineage trajectory.

Taken together, these data define a clear EEC lineage
trajectory (from Lgr5þ aISCs to mature EECs) miRNA
signature for the first time and reveal that miR-7 is the most
enriched miRNA in EEC progenitors compared with Lgr5þ
aISCs.
MiR-7 Expression in EEC Progenitors, Not
Mature EECs, Is Suppressed Under Conditions of
Increased Intestinal Crypt Division and Reduced
EEC Abundance

Several different types of environmental perturbations,
including dietary modifications, have been reported to alter
both crypt growth and EEC differentiation.19,20 For example,
a high-fat diet (HFD) robustly increases intestinal crypt
December 2019 � 3:25 pm � ce OB
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division (indicative of enhanced proliferation) and de-
creases EEC abundance in mice compared with a low-fat
diet (LFD).20 Our previously described expression analysis
demonstrated that miR-7 is highly expressed in Sox9-Low
EEC progenitor cells (Figure 1D), which exhibit both pro-
liferative and differentiative capacity, but relatively low
expressed in Lgr5þ aISCs (Figure 1D). If miR-7 is critical to
the control of crypt division or EEC abundance, we reasoned
that it may be modulated by HFD. To determine whether
FLA 5.6.0 DTD � JCMGH543 proof � 5
miR-7 is significantly altered by HFD, we performed a HFD
study for 16 weeks, identical to the one previously
described in Mah et al.20 First, we confirmed that HFD-fed
mice exhibit a significant increase relative to LFD-fed mice
in body weight as expected (58.8% increase; P ¼ 1.271e-9;
LFD, n ¼ 8; HFD, n ¼ 9). Next, we showed by histo-
morphometry that crypt density, a marker of the rate of
crypt division, is significantly elevated in the jejunum of
HFD-fed mice (Figure 2A). We also observed a significant
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increase in the number of 5-ethynyl-
20deoxyuridine–positive (EdUþ) cells/crypt (proliferating
cells) in jejunal crypts from HFD-fed mice (Figure 2B).
Finally, we demonstrated by immunofluorescence that HFD-
fed animals exhibit significantly lower Chgaþ cell/villus
count, indicative of reduced EEC number (Figure 2C).

To determine whether the EEC progenitor enriched
miR-7 is associated with this hyperproliferative pheno-
type, we next performed small RNA-seq in sorted Sox9-
Low cells (EEC progenitors) from the jejunal epithelial
tissue of both LFD- and HFD-fed mice (Figure 2D). Prin-
cipal component analysis on miRNA profiles showed clear
separation of LFD- and HFD-fed mice (Figure 2E) and
differential miRNA expression analysis identified 15 miR-
NAs (7 up, 8 down) in Sox9-Low cells altered by more than
2-fold (Figure 2F). Notably, the downregulated group of
miRNAs includes the EEC lineage-enriched miR-7b
(Figure 2G. In addition, the downregulation of miR-7b by
the dietary perturbation appears specific to EEC pro-
genitors, as it is downregulated by HFD only in Sox9-Low
(EEC progenitors) but not in Sox9-High (mature EECs)
(Figure 2H). This finding indicates that miR-7 is sup-
pressed in EEC progenitors under physiologic conditions
that promote crypt division and reduce EEC abundance in
the intestinal epithelium.

Genes Upregulated in EEC Progenitors Under
Conditions of Increased Crypt Division Are
Enriched for Predicted Targets of miR-7

Given that HFD alters miR-7 in Sox9-Low (EEC pro-
genitors) but not Sox9-High cells (mature EECs) (Figure 2G),
we next performed RNA-seq in sorted Sox9-Low cells from
the jejunal epithelial tissue of both LFD- and HFD-fed mice
(Figure 2D). Principal component analysis on gene expres-
sion profiles showed clear separation of LFD- and HFD-fed
mice (Figure 2I) and differential expression analysis iden-
tified nearly 1700 significantly (adjusted P < .05) altered
Figure 2. (See previous page). MiR-7 expression is suppre
progenitors under conditions of increased intestinal crypt
hematoxylin and eosin images and crypt density quantification o
Lgr5-EGFP reporter mice and naïve C57BL/6 wild-type (WT) mic
stained with Hoechst (blue) and EdU (red) and quantification of E
Lgr5-EGFP reporter mice and naïve C57BL/6 WT mice. (C) Rep
quantification of Chgaþ cells per villi (normalized by villi height)
reporter mice and C57BL/6 naïve WT mice. (D) Schematic of
Principal component analysis plot of small RNA-seq data of So
mice. (F) Volcano plot of differentially expressed miRNAs in HF
lines represent fold-change > 2). (G) miRNAs that are significant
sorted cells from HFD-fed relative to LFD-fed mice. Red and bl
HFD-fed relative to LFD-fed mice, respectively. (H) Expression
cells from HFD-fed and LFD-fed Sox9-EGFP mice. (I) Principal
from HFD-fed and LFD-fed mice. (J) Volcano plot of differentially
reporter mice (dashed line represents adjusted P < .05). (K) Hea
differentiation, and enterocyte differentiation of jejunal Sox9-Lo
analysis of miRNA target sites (using the Monte Carlo simula
(dashed line represents P < .05). Only miRNAs downregulated g
LFD-fed mice are included in the analysis. (M) Sequencing data
cells from HFD-fed relative to LFD-fed mice. (N) Inverse correla
HFD-fed and LFD-fed Sox9-EGFP reporter mice. All figure panel
and n ¼ 4 LFD-fed Sox9-EGFP reporter mice. * P < .05, ** P <
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genes (410 up, 1279 down) (Figure 2J). After multiple
testing correction, the genes upregulated by HFD are most
significantly enriched in the Ppard transcriptional network
(Enrichr KEGG, P ¼ 9.89e-6), including genes involved in
fatty acid oxidation (Figure 2K), which is consistent with the
finding from a recent study in the colon after a much longer
HFD regimen.21 In the HFD condition, we also found that
several genes involved in crypt division and enterocyte
differentiation are significantly upregulated whereas genes
that encode transcription factors that drive EEC maturation
are significantly downregulated (Figure 2K), which is in line
with the observed cellular phenotypes (Figure 2A–2C). Us-
ing the bioinformatic tool miRhub,22 we showed that
upregulated genes are significantly enriched for predicted
target sites of only 1 downregulated miRNA, miR-7
(Figure 2L). This shows that genes upregulated in EEC
progenitors under conditions of increased intestinal
epithelial proliferation are overrepresented for predicted
targets of miR-7. Notably, among the upregulated genes is X-
linked inhibitor of apoptosis (Xiap) (Figure 2M), which en-
codes a protein that promotes crypt survival and growth.
While Xiap has been reported as a direct target of miR-7 in
the context of cervical cancer,23 it has never been reported
previously in the small intestine. Indeed, the levels of Xiap
and miR-7b are strongly inversely correlated in EEC pro-
genitors across LFD- and HFD-fed mice (Figure 2N).

MiR-7 Controls Intestinal Epithelial Growth
The previous findings, most notably that miR-7 in EEC

progenitors is strongly suppressed under conditions of
increased crypt division and that the genes upregulated
during increased crypt division are enriched for miR-7
predicted targets, led us to hypothesize that miR-7 may
regulate crypt division. To test this hypothesis, we estab-
lished 3-dimensional enteroids from jejunal crypts of
C57BL6/J mice and treated them with locked nucleic acid
inhibitors against miR-7 (LNA-7) and compared with
ssed and predicted miR-7 targets are elevated in EEC
division and reduced EEC abundance. (A) Representative
f mid-jejunum from HFD-fed (n ¼ 9) and LFD-fed (n ¼ 8) mix of
e. Bar ¼ 100 mm. (B) Representative images of tissue sections
dUþ cells per crypt from HFD-fed (n ¼ 8) and LFD-fed (n ¼ 7)
resentative images of tissue sections stained with Chga and
from HFD-fed (n ¼ 7) and LFD-fed (n ¼ 4) mix of Lgr5-EGFP
experimental workflow using Sox9-EGFP reporter mice. (E)
x9-Low cells from HFD-fed and LFD-fed Sox9-EGFP reporter
D-fed relative to LFD-fed Sox9-EGFP reporter mice (dashed
ly (P < .05) upregulated or downregulated in jejunal Sox9-Low
ue bars highlight miRNAs with >2-fold change up or down in
level of miR-7b (small RNA-seq) in Sox9-Low and Sox9-High
component analysis plot of RNA-seq data of Sox9-Low cells
expressed genes in HFD-fed relative to LFD-fed Sox9-EGFP

tmap showing changes in genes involved in proliferation, EEC
w cells of HFD-fed relative to LFD-fed mice. (L) Enrichment
tion tool miRhub) in genes upregulated in response to HFD
reater than 2-fold in Sox9-Low cells from HFD-fed relative to
showing upregulation of miR-7 target gene Xiap in Sox9-Low
tion between expression level of miR-7b and Xiap among the
s from panel E onward correspond to data from n ¼ 4 HFD-fed
.01 by 2-tailed Student t test.
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treatment with LNA-scramble control (LNA-scr) (Figure 3A).
RT-qPCR analysis showed that treatment with LNA-7 led to
a robust suppression (w55-fold) of the miR-7 family in
enteroids (Figure 3B). Also, small RNA-seq analysis of LNA-
7–treated enteroids revealed that miR-7 is suppressed by
many orders of magnitude more than any other miRNA
(Figure 3C, Table 2), demonstrating the specificity of the
effects of LNA-7 on miR-7 expression.

Brightfield imaging showed that treatment with LNA-7
(miR-7 loss-of-function) significantly increases enteroid
budding, which is an ex vivo proxy for crypt division,24

relative to LNA-scr and mock (no treatment) controls
FLA 5.6.0 DTD � JCMGH543 proof � 5
(Figure 3D and 3E). We also confirmed this result in porcine
enteroids (Figure 3F). Furthermore, we demonstrated that
LNA-7 treatment dramatically increases EdUþ cells/enter-
oid (Figure 3G) and PH3þ cells/enteroid (Figure 3G and
3H). Next, we performed complementary gain-of-function
studies in mouse enteroids using miR-7 mimics. Our re-
sults showed that overexpression of miR-7 (Figure 3I)
suppresses budding (Figure 3J and 3K) and leads to a
reduction in PH3þ cells/enteroid (Figure 3J–3L), which is
the opposite of what occurs upon inhibition of miR-7. These
studies together demonstrate the functional role of miR-7 in
the control of enteroid budding.
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MiR-7 Controls Intestinal Epithelial Proliferation in
Drosophila Midgut In Vivo

To determine whether this function of miR-7 is
conserved beyond mammals, we turned to the fruit fly
model (Figure 4A). We first demonstrated that miR-7 is the
most significantly reduced miRNA in the Drosophila mela-
nogaster midgut during the well-documented hyper-
proliferative response to infection by Erwinia carotovora
carotovora 15 (Ecc15) (Figure 4B and 4C).25 To study miR-7
function specifically in proliferating intestinal epithelial
cells, we overexpressed miR-7 in esgþ cells of the midgut,
which represent the stem or progenitor populations. We
found that the number of PH3þ (proliferating) cells is
dramatically reduced upon miR-7 overexpression in the
background of Ecc15 infection compared with control
(Figure 4D, E), which demonstrates that miR-7 down-
regulation is required for the hyperproliferative response to
bacterial insult and that miR-7 is a key regulator of
epithelial proliferative capacity in the midgut. While our
focus is on mammalian miR-7, and while there are notable
differences between fruit fly and mammalian gut tissue (eg,
lack of well-established EEC progenitors in the fruit fly gut),
the results from the Drosophila experiments convey a
remarkable evolutionary conservation of miR-7 function in
the intestinal epithelium.

MiR-7 Control of Enteroid Budding Is Dependent
on Intact Xiap

As mentioned previously, Xiap encodes a protein that
promotes cell survival and growth, and it is an established
direct target of miR-7 by 30 UTR reporter gene assays in a
cancer cell context.23 However, the functional relevance of
the miR-7:Xiap regulatory relationship has not been exam-
ined in a noncancer context and definitely not in intestinal
epithelial growth. To determine whether miR-7 regulates
Xiap in enteroids, and to determine whether this regulation
takes place in proliferating cells (stem or progenitor cells),
Figure 3. (See previous page). MiR-7 controls intestinal epith
effect of miR-7 suppression in enteroid culture established fro
effective suppression of miR-7 expression by LNA-7 treatments
LNA-scr control (n ¼ 5–6 wells per condition pooled from 2 in
ferential expression analysis showing highly robust and specific
treated with LNA-7 compared with LNA-scr (LNA-7, n ¼ 6; LNA-
treated with mock, LNA-scr, and LNA-7. (E) Bar graph depic
treatment groups. Data were pooled from 3 independent experi
LNA-7, n ¼ 163 enteroids). (F) The left panel shows RT-qPCR d
wells/condition) in porcine enteroids. The right panel shows bar
in the indicated treatment groups. Enteroids were pooled from
enteroids). (G) Representative images of mouse enteroids show
(red; bottom). (H) Bar graph depicting average number of PH3þ
were examined (mock, n ¼ 100 enteroids; LNA-scr, n ¼ 83 ent
effective increase in miR-7 levels in mouse enteroids treated w
treatment) and mimics-scramble (mimics-scr) (n ¼ 3 wells per gr
enteroids (top) and whole-mount staining signal for PH3 (red;
average number of buds per enteroid in the indicated treatmen
wells for quantification (mock, n ¼ 175; mimics-scr, n ¼ 168; mim
of PH3þ cells per enteroid in the indicated treatments. All of the
enteroids; mimics-scr, n ¼ 190 enteroids; mimics-miR-7, n ¼ 16
Student t test. RQV, relative quantitative value.
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we performed single-cell RNA-seq in mouse enteroids
treated with either LNA-scr or LNA-7. We sequenced just
enough cells to discern 3 clusters of different cell types,
progenitor/stem, Paneth, and enterocyte (Figure 5A). These
cell clusters are enriched for markers that are known to be
associated with each cell type (Figure 5B and 5C). Notably,
the signal for markers of proliferation increased in the
progenitor/stem population after treatment with LNA-7
(Figure 5C). Next, we focused on Xiap and found that its
average level across all cells is significantly elevated by
treatment with LNA-7 relative to LNA-scr (Figure 5D).
Moreover, the percentage of Xiapþ progenitor cells is w2-
fold increased by LNA-7 (w21%) relative to
LNA-scramble (w10%) (Figure 5E). In progenitor/stem
cells, the fold-increase of Xiapþ cells after LNA-7 treatment
is even greater (w3-fold) (Figure 5F). These results suggest
that more progenitor or stem cells express Xiap, and at
higher levels, after LNA-7 treatment. Although mouse
enteroids comprise many differentiated cell types, most of
which do not robustly express miR-7, human enteroids tend
to retain a more stem or progenitor state in culture.26

Therefore, to test miR-7 regulation of XIAP, we treated hu-
man enteroids with LNA-7, which led to dramatic suppres-
sion of miR-7 and a significant increase in XIAP (Figure 5G).

To determine whether miR-7 control of enteroid growth
is mediated in part by regulation of Xiap, we examined the
effect of LNA-7 in mouse enteroids in the context of Xiap
suppression. Treatment of enteroids with GDC0152, an Xiap
inhibitor, effectively reduced Xiapþ cells per enteroid
(Figure 5H) and suppresses the budding phenotype
(Figure 5I). We then showed that treatment with GDC0152
significantly blunts the effects of LNA-7 on Xiapþ cells/
enteroid (Figure 5J), budding (Figure 5K), and PH3þ cells/
enteroid (Figure 5L). These results convey that the effects of
miR-7 on enteroid growth are mediated at least in part
through regulation of Xiap.

Xiap is known to promote Egfr.27 To evaluate further the
dependency on Egfr, we next tested the effect of LNA-7 in
elial growth ex vivo. (A) Experimental design for testing the
m C57BL/6 WT mouse jejunum. (B) RT-qPCR data showing
in mouse enteroids compared with mock (no treatment) and

dependent experiments). (C) Small RNA-seq followed by dif-
suppression of all the miR-7 family members in the enteroids
scr, n ¼ 5). (D) Representative bright field images of enteroids
ting average number of buds per enteroid in the indicated
ments (mock, n ¼ 174 enteroids; LNA-scr, n ¼ 214 enteroids;
ata showing effective suppression of miR-7 by LNA-7 (n ¼ 5
graph depicting average number of buds per porcine enteroid
5 independent experiments (mock, n ¼ 83; LNA-7, n ¼ 86

ing whole-mount staining signal for EdU (green; top) and PH3
cells per enteroid. All of the enteroids across multiple wells

eroids; LNA-7, n ¼ 106 enteroids). (I) RT-qPCR data showing
ith mimics of miR-7 (mimics-miR-7) compared with mock (no
oup). (J) Representative brightfield images of wild-type mouse
bottom) in the indicated treatments. (K) Quantification of the
ts. Enteroids per treatment group were pooled from multiple
ics-miR-7, n ¼ 116). (L) Quantification of the average number

enteroids across multiple wells were examined (mock, n ¼ 123
5 enteroids). * P < .05, ** P < .01 and *** P < .001 by 2-tailed
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Table 2.Small RNA-seq Analysis Showing Differentially
Expressed miRNAs (Adjusted P < .05) in Mouse
Enteroids Treated With LNA-7 (n ¼ 6) Relative to
LNA-scr (n ¼ 5)

miRNA log2FoldChange Adjusted P

mmu-mir-7a-1-5p –7.109435038 4.64E-43

mmu-mir-7a-2-5p –7.103216777 5.31E-43

mmu-let-7f-1-5p –0.854266518 8.57E-14

mmu-let-7f-2-5p –0.862650621 1.58E-13

mmu-mir-215-5p –1.460451901 3.96E-10

mmu-mir-148a-3p 0.495197848 5.41E-05

mmu-mir-215-5p_þ_1 –1.050094118 1.02E-04

mmu-mir-192-5p_þ_2 0.309404578 2.82E-04

mmu-mir-98-5p –0.509809453 4.18E-04

mmu-let-7i-5p –0.402567428 .001535664

mmu-mir-30d-5p 0.317770352 .004397959

mmu-mir-26a-2-5p 0.149129242 .004685784

mmu-mir-26a-1-5p 0.149100629 .004685784

mmu-mir-203-3p_þ_1 0.592648674 .009726977

mmu-mir-30e-3p 0.276607739 .010577384

mmu-mir-192-5p_þ_1 0.204704048 .010887894

mmu-mir-192-5p 0.206058351 .01488005

mmu-let-7g-5p –0.48204363 .035030773

miRNA, microRNA; RNA-seq, RNA sequencing.
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the context of direct Egfr suppression. We first demon-
strated in mouse enteroids that treatment with an oligo-
nucleotide inhibitor of Egfr (Gapmer Egfr) downregulates
Egfr messenger RNA levels by w60% (Figure 6A) and
significantly reduces enteroid budding as expected
(Figure 6B and 6C). Then we showed that treatment of
enteroids with Gapmer Egfr significantly blunts the pro-
proliferative phenotype observed with LNA-7 alone or
with Gapmer Control, as determined by budding (Figure 6D
and 6E) and EdU staining (Figure 6E). Also, we demon-
strated that Egfr suppression greatly blunts the hyper-
budding phenotype in LNA-7–treated enteroids compared
with LNA-scr–treated enteroids (Figure 6F).

A previous study established that Egfr signaling can
suppress EEC differentiation.28 Given the finding that miR-7
function is dependent in part on Egfr signaling, we hy-
pothesized that loss of miR-7 may shift the balance of
secretory progenitor cells toward proliferation and away
from EEC maturation. Indeed, in our single-cell RNA-seq
data from mouse enteroids, we found that LNA-7 treatment
increases the proportion of Prox1þ cells (proliferative EEC
progenitors) and decreases the proportion of Chgaþ cells
(mix of EEC progenitors primed to differentiation and
mature EECs) in the progenitor population (Figure 6G and
6H). To validate this observation, we showed that treatment
of enteroids with LNA-7 leads to a significant increase in
Prox1-EGFPþ cells/enteroid (Figure 6I) and a significant
decrease in Chgaþ cells/enteroid (Figure 6J). Taken
together, these data strongly suggest that EEC progenitor
enriched miR-7, in part through Xiap and Egfr, controls
FLA 5.6.0 DTD � JCMGH543 proof � 5
enteroid budding (proxy for crypt division) and may also be
involved in the regulation of EEC abundance (Figure 6K).
Discussion
Although miRNAs are well appreciated as regulators of

cell division, growth, and differentiation in many organ
systems, their contributions in the intestinal epithelium
remain largely unknown. Recently, several studies have
reported that EEC progenitors represent a plastic cell pop-
ulation that can either drive the formation of mature EECs
or exhibit stem cell-like proliferative capacity.3,4 Here, we
have (1) identified miR-7 as a highly enriched miRNA across
the entire EEC lineage trajectory, using 8 different reporter
mice, FACS, and small RNA-seq; (2) defined miR-7 as the
most enriched miRNA in EEC progenitors relative to Lgr5þ
stem cells; (3) demonstrated that miR-7 in the EEC pro-
genitor population is dramatically suppressed under phys-
iological conditions of increased crypt division; (4) showed
that miR-7 controls enteroid budding and EEC progenitor
cell behavior; and (5) showed that miR-7 function depends
at least in part on intact Xiap and downstream Egfr
signaling. To our knowledge, this is the first report of a
miRNA enriched along the EEC lineage trajectory that exerts
substantive control of enteroid growth and likely EEC
abundance. Although previously miR-7 has been reported to
have roles in specific cancer contexts,17,29,30 our study is the
first to our knowledge to demonstrate that miR-7 regulates
intestinal growth under normal physiological conditions. It
is noteworthy that modest but significant changes in miRNA
expression, similar to what we show for miR-7 in this study,
have been linked functionally to important phenotypes in
numerous prior studies.31–33

Although our data suggest that miR-7 has important
roles in EEC progenitor cells, we also cannot rule out
functions in other stem or progenitor cell types. Also,
though we have demonstrated that manipulating miR-7
expression regulates intestinal epithelial proliferative ca-
pacity, whether miR-7 controls the abundance of specific
subtypes of mature EECs requires future detailed investi-
gation. In addition, we have observed downregulation of
miR-7 only in EEC progenitors but not in mature EECs upon
HFD (Figure 2), motivating the question of what upstream
mechanisms regulate miR-7 in this cell-type specific
manner. A study in Drosophila showed that Ato, the
mammalian ortholog of which is Atoh1 (a known EEC
lineage driver in mouse), is upstream of miR-7 during
development.34 Whether Atoh1 regulates miR-7 in the
mammalian intestinal epithelium and whether Atoh1 is
responsible for the alteration of miR-7 expression upon HFD
remain to be determined in the future.

Though mature EECs constitute only w1% of cells in the
intestinal epithelium, they are critical for orchestrating
proper responses to nutritional and microbial input to
maintain energy homeostasis and immune function.35–37

They are known to secrete many different kinds of hor-
mones that function through endocrine and paracrine
signaling, and they are thought to be major contributors to
the immediate, weight loss–independent positive metabolic
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effects of bariatric surgery.38 Also, recent studies have
implicated EECs in the gut-brain axis and the immune-
endocrine axis through direct connection to enteric ner-
vous system and surrounding immune cells, respectively.39

While changes in EEC abundance or function have been
linked to a wide array of diseases including diabetes, in-
flammatory bowel disease, and psychiatric or neurologic
disorders,40,41 the key regulators of the EEC lineage remain
incompletely characterized due in part to the rareness, high
molecular heterogeneity, and plasticity of this cell popula-
tion. In the present study, we uncovered the functional role
of EEC lineage-enriched miR-7 particularly in regulating
intestinal epithelial growth and also provided observations
suggesting its role in regulating EEC abundance. The
1134

1135

1136

1137

1138

1139
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potential role of miR-7 in regulating EEC maturation and
function warrants future studies.

In vivo loss-of-function studies of miR-7 are made
extremely challenging by the fact that there are 3 different
miR-7 paralogs in mice: miR-7a-1, miR-7a-2, and miR-7b.
We believe that the current study provides strong motiva-
tion to invest in the generation of an EEC progenitor
cell–specific miR-7 triple-knockout mouse colony. These
mice will be useful for future in vivo investigation of the role
of miR-7 in intestinal epithelial proliferation and renewal
under baseline conditions and in response to different
perturbations that affect crypt behavior, including HFD,
pathogenic gastrointestinal infection, irradiation, or even
bariatric surgery. Finally, we note that this study identifies
several other miRNAs in addition to miR-7 that are enriched
in the EEC lineage trajectory and altered under conditions of
increased crypt budding. It will also be of great interest to
investigate the role of these miRNAs too, in isolation and in
conjunction with miR-7, in controlling the biology and
pathophysiology of the crypt in the intestinal epithelium.
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Materials and Methods
Animal Models and Diet Study

The following transgenic reporter mice were utilized:
female and male Sox9-EGFP,42 female Lgr5-EGFP,24 female
Prox1-EGFP,43 female Pyy-EGFP mice,44 male and female
Defa6-CreERT;Rosa26-tdTomato mice,45 and male and fe-
male Hopx-CreERT;Rosa26-tdTomato mice (JAX strains
017606, 007914; Jackson Laboratory, Bar Harbor, ME). For
the diet study, 8- to 10-week-old C57BL/6 wild-type mice
and, either 8- to 10-week-old Lgr5-EGFP female mice (for
histomorphometry and metabolic phenotyping) or adult 8-
to 10-week-old Sox9-EGFP female mice (for cell sorting and
RNA-seq), were fed ad libitum with either an LFD (14% kcal
from fat; Prolab QRMH3000) or an HFD (45% kcal from fat;
Research Diets D12451) for 16 weeks. Body weight, body
composition and blood parameters were measured to
confirm obesity phenotype. To mark cells in S-phase, EdU
Figure 4. MiR-7 controls intestinal epithelial proliferation
in Drosophila midgut in vivo. (A) Mature miR-7 sequence
across different species, including human, pig, mouse, and
fruit fly. The seed sequence is denoted in red. (B) Heatmap
results of small RNA-seq analysis of Drosophila melanogaster
midgut showing miRNAs that are significantly (P < .05)
upregulated or downregulated upon exposure to the pro-
proliferative Ecc15 pathogen (n ¼ 3) relative to unchal-
lenged (UC) condition (n ¼ 3). Only showing those miRNAs
with average reads per million mapped to miRNAs >100 in
either Ecc15 challenge or UC. (C) Downregulation of miR-7 in
the D. melanogaster midgut at 4 hours (minimal proliferative
response, n ¼ 3) and 12 hours (peak proliferative response,
n ¼ 3) after Ecc15 challenge compared with the UC control
group. (D) Immunofluorescent staining of DAPI (blue) and Esg
(green) in D. melanogaster midgut with mock (left), Ecc15
alone (middle), and Ecc15 with miR-7 overexpression driven
by the Esg promoter (overexpressed miR-7 [miR-7 OE])
(right). (E) Bar graph showing counts of PH3þ replicating cells
in the D. melanogaster midgut of each. * P < .05, ** P < .01,
and *** P < .001 by 2-tailed Student t test.
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was administered by intraperitoneal injection (100 mg/25 g
body weight) 90 minutes before euthanizing. The harvested
small intestine was divided into 3 equal segments. The
middle region was considered the jejunum. All animal pro-
cedures were performed with the approval and authoriza-
tion of the Institutional Animal Care and Use Committee at
each participating institution.

Flow Cytometry
Six distinct reporter mouse strains that facilitate the

sorting of a variety of different intestinal epithelial cell types
FLA 5.6.0 DTD � JCMGH543 proof � 5
were used to isolate aISCs (Lgr5-EGFP), EEC progenitors
(Sox9-EGFP and Prox1-EGFP), mature EECs (Sox9-EGFP and
Pyy-EGFP), Paneth cells (Defa6-CreERT2;Rosa26-
tdTomato), and rISCs (Hopx-CreERT2;Rosa26-tdTomato).
Mouse intestinal epithelial cells from the jejunum were
dissociated and prepared for fluorescence-activated cell
sorting (FACS) as described previously.20 CD31-APC (Bio-
Legend, San Diego, CA), CD45-APC (BioLegend), and
Annexin-V-APC (Life Technologies, Carlsbad, CA), and Sytox-
Blue (Life Technologies) staining were used to exclude
endothelial cells, immune cells, and apoptotic cells,
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respectively. The gating parameters of FACS sorting were
described previously.20 The Lgr5, Sox9, and Defa6 sorts
were performed using a Mo-Flo XDP cell sorter (Thermo
Fisher Scientific, Fullerton, CA) at the University of North
Carolina Flow Cytometry Core Facility. The Prox1 sorts were
performed using BD FACS Aria Fusion Fluorescence Acti-
vated Cell Sorter (BD Biosciences, San Jose, CA) at Cornell
University Flow Cytometry Core Facility at the Biotech-
nology Resource Center. The Pyy sorts were performed
using BD FACSAria II Cell Sorter (BD Biosciences) at Kings
BRC flow cytometry Core facility. Sorting of Hopxþ cells was
conducted at North Carolina State University, College of
Veterinary Medicine using a Mo-Flo XDP cell sorter (Beck-
man Coulter). The cells were sorted directly into cold Dul-
becco’s modified Eagle medium or lysis buffer.

Tuft cells were sorted by use of the cell surface marker
Siglecf. Mouse jejnual cells were prepared as described
previously.46 Aqua Live Dead fixable viability stain Live dye
(Thermo Fisher Scientific, Waltham, MA) and anti-mouse
EpCam-APC (clone G8.8; Thermo Fisher Scientific) staining
was used to include viable, epithelial cells, respectively,
while anti-mouse CD45 BV605 staining (clone 30-F11; BD
Biosciences) was used to exclude immune cells. Anti-mouse
Siglecf-PE antibody (clone E50-2440; Thermo Fisher Sci-
entific) was employed to enrich for tuft cells. Sorting for tuft
cells was performed using BD FACS Aria Fusion II Fluores-
cence Activated Cell Sorter (BD Biosciences) at Cornell
University Flow Cytometry Core Facility, Biotechnology
Resource Center. Cells were sorted directly into cold lysis
buffer (Norgen Biotek, Thorold, Canada).

Side population sorting was used to separate the sub-
fraction of slowly cycling from active cycling intestinal stem
cells, as described previously.18 Mouse intestinal epithelial
cells from the jejunum of female C57BL/6 mice were pre-
pared and sorted into either upper side population (con-
sisting of actively cycling stem cells) or lower side
population (consisting of slowly cycling stem cells) by the
Figure 5. (See previous page). MiR-7 control of enteroid budd
RNA-seq profiles reveals 3 major cell populations: enterocyte
enteroids treated with LNA-7 or LNA-scr (enterocytes, n ¼ 10
clusters were assigned based on overlap with marker genes for e
2017. (B) t-SNE plot of single-cell RNA-seq data showing exp
(bottom, progenitor cell marker). (C) Heatmap displaying avera
cluster from LNA-scr and LNA-7–treated mouse enteroids. Expre
cells from LNA-scr– or LNA-7–treated mouse enteroids (Wilcox)
seq data from mouse enteroids treated with LNA-scr or LNA-7.
single-cell RNA-seq data from mouse enteroids treated with LN
miR-7 (left panel) and the upregulation of XIAP (right panel) in h
LNA-scr (n ¼ 3 wells per condition). (H) Representative images a
and Hoechst (blue) in mouse enteroids with the indicated trea
enteroids). (I) Representative bright field images and quantific
treatment (no treatment) or Xiap inhibitor treatment (GDC0152)
Representative images and quantification of whole-mount stai
treatment groups. Data from enteroids across multiple wells w
enteroids; GDC0152þLNA-scr, n¼ 18 enteroids; GDC0152þLN
quantification of the average number of buds per enteroid af
GDC0152 (LNA-scr, n ¼ 192 enteroids; LNA-7, n ¼ 118 enteroi
n ¼ 44 enteroids). (L) Representative images and quantification o
in the indicated treatment groups. Data from enteroids across m
7, n ¼ 45 enteroids; GDC0152þLNA-scr, n ¼ 58 enteroids; GDC
.001 by 2-tailed Student t test. RQV, relative quantitative value.

FLA 5.6.0 DTD � JCMGH543 proof � 5
previously described gating methods.18 The side population
sorting46 was performed using a Mo-Flo XDP cell sorter
(Beckman Coulter) at the University of North Carolina Flow
Cytometry Core Facility. Cells were sorted directly into cold
lysis buffer (Norgen).

Histological Analysis
Mouse jejunal tissue was fixed in 4% (v/v) neutral-

buffered paraformaldehyde, embedded in paraffin, and cut
into 5-mm sections for various staining experiments. He-
matoxylin and eosin staining was performed for morpho-
metric analyses (villi height and crypt density). Crypt
density was calculated by dividing the number of well-
oriented crypts per millimeter of submucosal
circumference. EdU staining was performed to visualize
cells in S-phase using the Click-iT EdU AlexaFluor 594 Kit
(Invitrogen, Carlsbad, CA). Immunofluorescent staining of a-
chromogranin (Chga) was performed for assessing mature
EEC number. Briefly, sections were incubated with primary
antibody (rabbit Chga, 1:100 dilution in immunofluores-
cence buffer; ab15160; Abcam, Cambridge, United Kingdom)
overnight at 4�C followed by Alexa Fluor 594 (Abcam)
secondary antibody incubation for 2 hours at room tem-
perature. DAPI (1:1000) was used to visualize nuclei. Im-
ages were captured using ZEISS QAxiovert 200M inverted
microscope. The numbers of Chgaþ cells per villus were
normalized by average villus height (millimeters) in each of
the diet groups. For the villus height measurements, 1 data
point from LFD group and 1 data point from HFD were
removed as outliers after applying the criterion of value
beyond average ± 1.5*standard deviation.

RNA Extraction and Real-Time qPCR
Total RNA was isolated using the Total or Single-cell

RNA Purification kit (Norgen Biotek). High Capacity RNA
to cDNA kit (Life Technologies, Grand Island, NY) was used
for reverse transcription of RNA. TaqMan microRNA
ing is dependent on intact Xiap. (A) t-SNE plot of single-cell
s, Paneth cells, and progenitor or stem cells, from mouse
7 cells; Paneth cells, n ¼ 54; progenitor/stem, n ¼ 71). The
very major intestinal epithelial cell type defined in Haber et al.,
ression level for Apoa1 (top, enterocyte marker) and Cenpa
ge expression of cell type-specific markers for cells in each
ssion is scaled by row. (D) Average Xiap expression across all
. (E) Percentage of Xiapþ cells present in the single-cell RNA-
(F) Percentage of Xiapþ progenitor/stem cells present in the
A-scr or LNA-7. (G) RT-qPCR data showing suppression of
uman intestinal organoids treated with LNA-7 compared with
nd quantification of whole-mount staining signal for Xiap (red)
tment groups (mock, n ¼ 99 enteroids; GDC0152, n ¼ 69
ation of average number of buds per enteroid with mock
(mock, n ¼ 274 enteroids; GDC0152, n ¼ 120 enteroids). (J)
ning signal for Xiap (red) and Hoechst (blue) in the indicated
ere examined (LNA-scr, n ¼ 112 enteroids; LNA-7, n ¼ 41
A-7 ¼ 32 enteroids). (K) Representative bright field images and
ter LNA-scr treatment or LNA-7 treatment with and without
ds; GDC0152þLNA-scr, n ¼ 96 enteroids; GDC0152þLNA-7,
f whole-mount staining signal for PH3 (red) and Hoechst (blue)
ultiple wells were examined (LNA-scr, n ¼ 92 enteroids; LNA-
0152þLNA-7 ¼ 62 enteroids). * P < .05, ** P < .01 and *** P <
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Reverse Transcription kit (Life Technologies) was used for
reverse transcription of miRNA. Both miRNA and gene
expression qPCR were performed using TaqMan assays (Life
Technologies) with either TaqMan Universal PCR Master
Mix (miRNA qPCR) or TaqMan Gene Expression Master Mix
(messenger RNA qPCR) per the manufacturer’s protocol, on
a Bio-Rad CFX96 Touch Real Time PCR Detection System
(Bio-Rad Laboratories, Richmond, CA). Reactions were per-
formed in triplicate using either U6 (miRNA qPCR), Rps9
(mouse messenger RNA qPCR) or RNU48 (human
messenger RNA qPCR) as the normalizer.
FLA 5.6.0 DTD � JCMGH543 proof � 5
Small RNA Library Preparation and Sequencing
The small RNA-seq of cells from the various cell sorts

and D. melanogaster midgut was conducted at Genome
Sequencing Facility of Greehey Children’s Cancer Research
Institute at University of Texas Health Science Center at San
Antonio. Libraries were prepared using the TriLink Clean-
Tag Small RNA Ligation kit (TriLink Biotechnologies, San
Diego, CA). Seven to 8 libraries were sequenced per lane,
with single-end 50� on the HiSeq2500 platform. Raw
sequencing data and miRNA quantification tables can be
accessed through GEO record GSE118814.
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RNA Library Preparation and Sequencing
RNA-seq libraries from the Sox9 sorts of LFD-fed and

HFD-fed C57BL/6J mice were prepared using the Clonetech
SMARTer Ultra Low Input library preparation kit combined
with Nextera XT DNA sample preparation kit (Illumina, San
Diego, CA) and sequenced with single-end 100 bp on a
HiSeq2000 platform at the UNC High Throughput
Sequencing Core Facility, as previously described.47 Raw
sequencing data as well as normalized counts are available
through GEO accession GSE118814.

Single Cell Suspension Preparation, RNA Library
Preparation, and Sequencing

Enteroids treated with either LNA-7 or LNA-scr were
harvested at day 5. Briefly, media was removed from
enteroid cultures and the enteroids were washed twice with
ice-cold phosphate-buffered saline (PBS). Enteroids were
collected in cold PBS, spun down at 300 g for 5 minutes, and
resuspended as a pellet in 10 mL of ice-cold D-PBS with
0.04% (w/v) bovine serum albumin (BSA). Centrifugation at
1000 g at 4�C was carried out for 5 minutes. Supernatant
was removed and the pellet was resuspended in 10 mL of
room temperature Hank’s Balanced Salt Solution with 0.3-
U/mL dispase. Incubation in a water bath was performed
at 37�C for 12–16 minutes. The tubes were gently shaken
every 2 minutes. An aliquot was examined under the mi-
croscope to determine whether >50% of the cells were
single cells. Dispase activity was stopped by adding fetal
bovine serum to 10% of the total volume of samples and
DNaseI to a final concentration of 50 mg/mL (50 mL). Sam-
ples were filtered with 40-mm strainer and centrifuged at
500 g at 4�C for 5 minutes. The supernatant was removed
and the pellet was resuspended in 10 mL of ice-cold Hank’s
Balanced Salt Solution, and the samples were filtered again
with 40 mm strainer and centrifuged at 500 g at 4�C for 5
minutes. The supernatant was removed and the pellet was
resuspended in 100 ml of ice-cold D-PBS with 0.04% (w/v)
BSA. The samples were gently mixed several times with
wide-bore pipet tip (1000-mL pipet tip), and then checked
under the microscope for any clumping. If clumps were
present, the filtration, centrifugation, and resuspension
Figure 6. (See previous page). MiR-7 control of enteroid bud
Egfr expression in mouse enteroids treated with control Gapme
Quantification of the average number of buds per enteroid treate
(Mock, n ¼ 194 enteroids; Gapmer Control, n ¼ 88 enteroids; G
images of mouse enteroids with treatment of Gapmer Control a
buds per mouse enteroid in the indicated treatments (LNA-7, n
LNA-7 þ Egfr Gapmer, n ¼ 27 enteroids). (E) Representative ima
(top; blue), and bright field (bottom) in mouse enteroids with the
of buds per mouse enteroid in the indicated treatments (LNA-s
Gapmer Egfr, n ¼ 91 enteroids; LNA-7 þ Gapmer Egfr, n ¼ 148
present in the single-cell RNA-seq data from mouse enteroid
progenitor/stem cells present in the single-cell RNA-seq data
Representative images of Prox1þ cells (green) and quantificatio
EGFP reporter mice in the indicated treatments (mock, n ¼ 30 en
(J) Representative images of Chgaþ cells (red) and quantificati
ments (mock, n ¼ 96 enteroids; LNA-scr, n ¼ 92 enteroids; LNA-
(K) The proposed partial working model of miR-7 control of inte
.001 by 2-tailed Student t test.

FLA 5.6.0 DTD � JCMGH543 proof � 5
steps were repeated. Finally, cell viability and cell number
were determined using Trypan blue and Bio-Rad cell
counter to proceed with single cell library preparation and
sequencing. For single cell sequencing, we used the 10X
Genomics Chromium instrument at the Cornell Genomics
Facility.

Bioinformatics Analysis
Bulk Small RNA and RNA-Seq Analysis. Small RNA-seq
reads were aligned to the mouse genome (mm9) and
quantified using miRquant 2.0 as previously described,48

with the exception that raw miRNA counts were normal-
ized using DESeq2,49 to determine significance. Fruit fly
sequences were depleted for a dominant rRNA species
before alignment to the full genome (dm3). miRNA anno-
tation was performed using miRbase (r18 for mouse and
r21 for fruit fly). RNA-seq reads were mapped to mouse
genome release mm10 using STAR (v2.5.3a)50 and tran-
script quantification was performed using Salmon
(v0.6.0).51 Differential gene expression analysis was
accomplished using DESeq2.49

Single Cell RNA-Seq Analysis. Single-cell RNA-seq reads
for 107 LNA-7 and 158 LNA-scr cells were aligned to the
mouse genome (mm10) and quantified using 10X Genomics
CellRanger count. Cells with low gene complexity (<200
genes/cell) or with a strong mitochondrial signature (>25%
mitochondrial genes) were filtered, resulting in 92 LNA-7
and 140 LNA-scr cells. Cluster identification, differential
expression analysis, and t-SNE plot generation were per-
formed with Seurat_3.0.1.
Other. MiRNA binding site enrichment among differentially
expressed genes was determined using miRhub.22 Tran-
scription factor enrichment was determined by inputting
the top 20 significant upregulated genes into Enrichr52,53

and using the ENCODE and ChEA Consensus TFs from the
ChIP-X dataset.

Enteroid Culture
Mouse Enteroids. Jejunal crypts were isolated from 3- to
5-month-old female C57BL/6 mice as previously
described.47 The isolated crypts (day 0) were grown into
ding depends on Egfr signaling. (A) RT-qPCR data showing
r inhibitor (n ¼ 2) or Egfr Gapmer inhibitor (n ¼ 2) on day 5. (B)
d with mock (no treatment), Gapmer Control, or Gapmer Egfr
apmer Egfr, n ¼ 149 enteroids). (C) Representative bright field
nd Gapmer Egfr. (D) Quantification of the average number of
¼ 55 enteroids; LNA-7 þ Gapmer control, n ¼ 53 enteroids;
ges showing whole-mount staining of EdU (top; red), Hoechst
indicated treatments. (F) Quantification of the average number
cr, n ¼ 165 enteroids; LNA-7, n ¼ 182 enteroids; LNA-scr þ
enteroids). (G) Percentage of Prox1þ progenitor or stem cells
s treated with LNA-scr or LNA-7. (H) Percentage of Chgaþ
from mouse enteroids treated with LNA-scr or LNA-7. (I)

n of Prox1þ cells per mouse enteroid established from Prox1-
teroids; LNA-scr, n ¼ 46 enteroids; LNA-7, n ¼ 26 enteroids).
on of Chgaþ cells per mouse enteroid in the indicated treat-
7, n ¼ 113 enteroids pooled from 2 independent experiments).
stinal epithelial proliferation. * P < .05, ** P < .01 and *** P <
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Reduced Growth Factor Matrigel (cat. 356231; Corning,
Corning, NY). Advanced DMEM/F12 (cat. 12634-028; Gibco,
Gaithersburg, MD) supplemented with GlutaMAX (cat.
35050-061; Gibco), Pen/Strep (cat. 15140; Gibco), HEPES
(cat. 15630-080; Gibco), N2 supplement (cat. 17502-048;
Gibco), 50-ng/mL EGF (cat. 2028-EG; R&D Systems, Min-
neapolis, MN), 100-mg/mL Noggin (cat. 250-38; PeproTech,
Rocky Hill, NJ), 250-ng/mL murine R-spondin (cat. 3474-RS-
050, R&D Systems), and 10-mM Y27632 (cat. ALX270-333-
M025; Enzo Life Sciences, East Farmingdale, NY) was added.
For miRNA loss-of-function studies, miRCURY LNA Power
Inhibitor against mouse miR-7 (mmu-miR-7a-5p) (cat.
YI04100818-DDA; Qiagen, Hilden, Germany) or Power
Negative Control A (cat. YI00199006-DDA; Qiagen) was
added at 500 nM on day 0 and supplemented at 250 nM on
day 3. For miRNA gain-of-function studies, miRCURY LNA
mimic of miR-7 (cat. YM00472714-AGA; Qiagen) or Nega-
tive Control (cat. YM00479902-AGA; Qiagen) was added at
500 nM on day 0 and supplemented at 250 nM on day 3.
Enteroids at day 5 were harvested for RNA isolation or fixed
in 2% (v/v) paraformaldehyde for whole-mount staining.

For studies knocking down Egfr, LNA-7–treated enter-
oids were treated with a custom LNA GapmeR against Egfr
(Egfr GapmeR-A Design ID: LG00204888-DDA, Egfr
GapmeR-B Design ID: LG00204889-DDA, Egfr GapmeR-C
Design ID: LG00204890-DDA; Qiagen) or Negative Control
A Gapmer (Design ID: LG00000001-DDA; Qiagen) at 500 nM
at day 0 and supplemented at 250 nM at day 3. Enteroids at
day 5 were harvested for RNA isolation or fixed in 2% (v/v)
paraformaldehyde for whole-mount staining. For EdU
staining assays, enteroids were treated with 10-mM EdU 6
hours before the harvest time point follow by the manu-
facturer’s protocol of Click-iT EdU Alexa Fluor 488 Flow
Cytometry Assay Kit (C10425; Thermo Fisher Scientific).

For studies inhibiting Xiap function, enteroids were
treated with GDC0152 (Cat. # S7010; SelleckChem, Houston,
TX), which inhibits the activity of inhibitors of apoptosis
proteins (IAPs) including X chromosome-linked IAP (XIAP)
and IAPs 1 and 2 and promote apoptosis. The enteroid
culture was treated alone with GDC0152 at 0.25 mm or co-
treated with LNA at day 0. At day 5, enteroids were fixed in
2% (v/v) paraformaldehyde for brightfield imaging and
whole-mount staining.
Porcine Enteroids. Jejunal crypts were isolated from 6- to
10-week-old, mixed gender, wild type Yorkshire cross pigs
as previously described.54 The isolated crypts (day 0) were
cultured in Reduced Growth Factor Matrigel (cat. 356231;
Corning) and maintained in DMEM/F12 medium (cat.
12634-010; Life Technologies) supplemented with 50-ng/
mL EGF (cat. 236-EG; R&D Systems), 100-ng/mL Noggin
(cat. 120-10C; PeproTech), 1 mg/mL R-Spondin (cat.
4645RS/CF, R&D Systems), 500-nM A83-01 (cat. 2939;
Tocris Bioscience, Bristol, United Kingdom), 10-mM
SB202190 (cat. S7067; Sigma-Aldrich, St. Louis, MO), 1-mM
Nicotinamide (cat. N0636, Sigma), 10-nM Gastrin (cat.
G9145; Sigma), 10-mM Y-27632 (cat. Y0503; Sigma), and
100-ng/mL Wnt3a (cat. 5036-WN/CF; R&D Systems). For
miRNA studies, miRCURY LNA Power Inhibitor against miR-
7 (mmu-miR-7a-5p miRCURY LNA miRNA Power Inhibitor,
FLA 5.6.0 DTD � JCMGH543 proof � 5
cat. YI04100818-DDA; Qiagen) or Power Negative Control A
(cat. YI00199006-DDA; Qiagen) were added on day 0 and
enteroids were harvested on day 3.
Human Enteroids. Human duodenal enteroids were pre-
viously established from tissue collected from deceased
donors through the Gift of Life, Michigan (University of
Michigan IRB REP00000105; not regulated designation).
For this study, specimen Duo-87 from a 21-year-old male
were used (Translational Tissue Modeling Laboratory).
Enteroids were cultured in medium containing 25% (v/v) L-
WRN conditioned medium. The complete medium contained
Advanced DMEM/F-12 (cat. 12634028; Gibco), 2-mM Glu-
taMax (cat. 35050-061; Gibco), 10-mM HEPES (cat.
15630080; Gibco), N-2 (cat. 17502048; Gibco), B-27 sup-
plement minus vitamin A (cat. 12587010; Gibco), 50 units/
mL of penicillin, 0.05-mg/mL streptomycin (cat. 15070063;
Gibco), 50-mg/mL Primocin (##ant-pm-1; InvivoGen, San
Diego, CA), 1-mM N-Acetyl-L-cysteine (A9165; Sigma-
Aldrich), 50-ng EGF/mL (236-EG; R&D Systems), 10-mM
SB202190 (S7067; Sigma-Aldrich), 500-nM A83-01 (#2939;
R&D Tocris), and 10-mM Y27632 (125410; Tocris Biosci-
ence). Cultures were grown in Matrigel (diluted to 8 mg/mL
with growth media; #354234; Corning). Cultures were
passaged by triturating and dissociating the Matrigel in cold
DPBS, centrifuging at 300 g, and plating the first day with
2.5-mM CHIR99021 (4423; Tocris Bioscience). For miRNA
studies, miRCURY LNA Power Inhibitor against miR-7
(mmu-miR-7a-5p miRCURY LNA miRNA Power Inhibitor;
cat YI04100818-DDA; Qiagen) or Power Negative Control A
(cat. YI00199006-DDA; Qiagen) were added on day 0 and
enteroids were harvested on day 5.

Whole-Mount Enteroids Immunostaining and
Imaging

The fixed mouse enteroids were permeabilized with 0.5%
(v/v) Triton X-100/PBS, washed by PBS containing 0.1% (w/
v) BSA/0.02% (v/v) Triton-X/0.05% (v/v) Tween 20 and
blocked with 10% (v/v) normal goat serum. Primary anti-
bodies were used to stain Chga (rabbit anti-Chga, 1:100;
ab15160; Abcam) and PH3 (rabbit anti-Phospho-Histone H3
(Ser10), 1:100, 9701S; Cell Signaling) and Xiap (1:100; rabbit,
NBP2-20918; Novus Biologicals, Centennial, CO). The staining
was visualized by fluorescence microscopy with fluorescent-
conjugated secondary antibodies (goat anti-rabbit; Alexa
Fluor 488, 1:400; Cat. #A-11034; Thermo Fisher Scientific).
Nuclei were counterstained with Hoechst 33258 dye
(1:1000). For EdU staining assays, enteroids were treated
with 10-mM EdU 6 hours before the harvest time point
follow by the manufacturer’s protocol of Click-iT Plus EdU
Alexa Fluor 488/594 imaging Kit (C10637, C10639; Thermo
Fisher Scientific). The immunofluorescent staining was visu-
alized by ZEISS Axiovert 200M inverted microscope. The z-
stack bright field images were taken by ZEISS Axiovert 200M
inverted microscope for bud count analysis.
Ecc15 Infection in D. melanogaster
Wide type line Canton-S (BDSC: 64349) was maintained

at room temperature (w23�C) on standard fly medium (50-
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g baker yeast, 30-g cornmeal, 20-g sucrose,15-g agar, 5-mL
99% [v/v] propionic acid mix, 0.5-mL 85% [v/v] phosphoric
acid, 26.5-mL methyl paraben in ethanol per 1 L) in a 12-
hour light/dark cycle. Oral infection of pathogen Erwinia
carotovora ssp. carotovora 15 (Ecc15) was performed as
previously described.25 Orally treated flies were incubated
at 29�C until dissection for analyses.

Generation of Genetically Modified Lines of
Drosophila

Esg-Gal4; UAS-GFP, tub-Gal80TS (EsgTS, progenitor spe-
cific)55 and Uas lines (BDSC 41137) were used for creating
flies with miR-7 overexpression in Esg stem or progenitor
cells. Genetic crosses for flies containing Gal4-UAS-Gal80
system were crossed using w15 female flies and 5 males,
and transferred during development in a 12-hour light/dark
18�C incubator. Parental generation was removed after 5
days in the 18�C incubator to control for fly density of the
F1 progeny.

Immunostaining of Drosophila Midgut
The excised Drosophila midguts were fixed in 4% para-

formaldehyde and washed with 0.1% (w/v) Triton X-100 in
PBS. The samples then incubated for an hour in blocking
solution (1% (w/v) BSA, 1% (v/v) normal donkey serum,
and 0.1% (w/v) Triton X-100 in PBS) followed by overnight
primary antibody incubation and 2 hours secondary anti-
body staining. Primary antibodies used in this study were
rabbit anti-PH3 (1:000; EMD Millipore, Burlington, MA).
Secondary antibodies used in this study were donkey anti-
rabbit-555 (1:2000; Thermo Fisher Scientific). DAPI
(1:50,000) was used to visualize nuclei. Imaging was per-
formed on a Zeiss LSM 700 fluorescent/confocal inverted
microscope. PH3-positive cells were manually counted
along the surface of the midgut.

Statistics
In most figure panels, quantitative data are reported as

an average of biological replicates ± SEM. In figure panels
pertaining to bright field bud count analysis and whole-
mount immunofluorescent staining in enteroids, quantita-
tive data are reported as an average of values from all the
enteroids pooled from multiple independent experiments ±
SEM (n ¼ 2–7 wells per condition per experiment). In all
analyses, statistical differences were assessed by 2-tailed
Student t test with threshold P value <.05, unless other-
wise specifically noted. All authors had access to the study
data and had reviewed and approved the final manuscript.
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