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It was recently shown that progenitors of enteroende cells (EECs) contribute to intestinal
epithelial growth, but the underlying mechanisnmmean poorly understood. We uncover the
role of EEC-progenitor enriched miR-7 in regulatintgstinal epithelial growth via Xiap and

Egfr signaling.
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Background & Aims: The enteroendocrine cell (EEC) lineage is impdrtanintestinal
homeostasis. It was recently shown that EEC préogencontribute to intestinal epithelial
growth and renewal, but the underlying mechanissmsain poorly understood. MicroRNAs are
under-explored along the entire EEC lineage trajgctand comparatively little is known about
their contributions to intestinal homeostadiethods: We leverage unbiased sequencing and
eight different mouse models and sorting methodddntify microRNAs enriched along the
EEC lineage trajectory. We further characterizeftimetional role of EEC progenitor-enriched
miRNA, miR-7, byin vivo dietary study as well & vivoenteroid in miceResults: First, we
demonstrate that miR-7 is highly enriched acrossetitire EEC lineage trajectory and is the
most enriched miRNA in EEC progenitors relativegn5+ intestinal stem cells. Next, we show
in vivothat in EEC progenitors miR-7 is dramatically stggsed under dietary conditions that
favor crypt division and suppress EEC abundancethaie demonstrate by functional assays in
mouse enteroids that miR-7 exerts robust contrgrodvth, as determined by budding (proxy for
crypt division), EJU and PH3 staining, and likebgulates EEC abundance also. Finally, we
show by single cell RNA-sequencing analysis th&-miregulateXiap in progenitor/stem cells
and we demonstrate in enteroids that the effectsiBf7 on mouse enteroid growth depend in
part on Xiap and Egfr signalinG.onclusions. This study demonstrates for the first time that
EEC progenitor cell-enriched miR-7 is altered bgtaiy perturbations and that it regulates

growth in enteroids via intact Xiap and Egfr signgl

Key words: miR-7; enteroendocrine lineage; small intesterdgroid; proliferation

Introduction



115 The intestinal epithelium is the most rapidly reimeytissue in the body. This feature is driven
116 by crypt-based intestinal stem cells (ISCs), whaghibit self-renewal properties and are

117 responsible for giving rise to all of the differeteéd cell types in the absorptive (enterocyte) and
118 secretory lineages (Paneth cell, tuft cell, gobédt and enteroendocrine cells (EECs)) (1). So
119 far, two distinct populations of ISCs have beerirgsf: actively cycling ISCs (alSCs) at the base
120 of the crypt and reserve/slowly cycling ISCs (rI$@sthe +4 position from the crypt base (2).
121  More recently, though, several other intermedialepopulations, notably progenitors of EECs,
122 have been shown to participate in the control gptbehavior under certain conditions (3, 4).
123

124  EEC progenitors, which were thought to be fully coitted to EEC differentiation, have

125 recently been recognized to have proliferative pitéand thereby contribute to the control of
126 cell proliferation, crypt growth, and related betoas (3, 4). A recent study identified Prospero
127 homeobox protein 1 (Prox1) as a novel marker lagehtermediates in the EEC lineage and
128 demonstrated that sorted Prox1+ cells are suffi¢@restablishing enteroid=x vivo Despite

129 this advance, much remains unknown about the méexharthat control EEC lineage behavior.
130 Itis of substantial interest to map the molecildadscape of the cells in the entire EEC lineage
131 trajectory in order to define the mechanisms toatml intestinal epithelial cell proliferation,
132 crypt division/growth, and/or EEC differentiation.

133

134 MicroRNAs (miRNASs) are prominent post-transcrip@mnegulators of growth and cell fate

135 decisions in many organ systems and disease m@jdé¥ however, very little is known about
136 their role in the regulation of intestinal cryptaeior. In fact, it is not even known which

137 miRNAs are expressed along the entire EEC lineagectory, particularly the EEC progenitors
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or whether they are sensitive to perturbationsitifatence crypt division and/or EEC
differentiation (7). In this study, using eightfeifent reporter mice and several sorting methods,
we profile miRNAs in several lineages of the sniatiéstinal epithelium, identify miR-7 as the
most highly enriched miRNA in EEC progenitors rfatto Lgr5+ stem cells, show that miR-7
in EEC progenitors is among the most sensitive iRk dietary conditions that favor crypt
growth and reduced EEC abundance, and demongirateghex vivofunctional studies and

single cell analyses that miR-7 controls entero@hgh in part by regulation of Xiap.

Results

MiR-7 isthe most enriched miRNA in EEC progenitorsrelativeto Lgr5+ stem cells

In this study, we defined the enteroendocrine (E&C) lineage trajectory as the following: (i)
Lgr5+ alSCs, (ii) Sox9-Low cells and Hopx+ cellatlexhibit features of the EEC lineage, (iii)
Prox1+ EEC progenitors, (iv) Sox9-High and lowetespopulation (LSP) cells that represent a
mixed population of rISCs and mature EECs, andP@w)+ cells that represent mature EECs. To
define the miRNA landscape across the EEC lineagectory, we first investigated Sox9-EGFP
reporter miceKig. 1A). From the jejunal crypts of the Sox9-EGFP mice,ssrted and
performed small RNA-sequencing analysis on fouledént epithelial cell populations enriched
in enterocytes (Sox9-Negative), stem cells/EEC @ndgrs (Sox9-Low) (hereafter referred to as
‘EEC progenitors’), transit amplifying cells (So8blow), and mature EECs (Sox9-High), and
demonstrated that each fraction is enriched foe#pected marker$i{g. 1B). We then focused
our analysis on the cell populations in the EE@dige trajectory, Sox9-Low and Sox9-High.
The small RNA-seq analysis identified a total o7 18iRNAs in these two populations. Of these,

we found that only 8 miRNAs are enriched (>5-faldmature EECs (class A), 2 in stem/EEC
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progenitors (class B), and 14 in both (class Gtia to unsorted intestinal epithelial cells
(Tablel). Class A miRNAs represent candidate regulatorsature EEC function, class B
mMiRNASs represent candidate regulators of EEC pribgecell behavior, and class C miRNAs
represent candidate regulators of both mature Eia€tibn and EEC progenitor cell behavior.
Notably, class C miRNAs include miR-7b, which hagib previously extensively studied in the
context of endocrine pancreatic development andtim (8-15). miR-7 was also shown to be
enriched in a specific subtype of mature EECs, etyatokinin-producing EECs (16), and also
in enterochromaffin cell-derived tumors (17); howevumportantly, the expression pattern of
miR-7 (or any other miRNA) across the entire EE@éige trajectory has never before been

reported.

Next, from the jejunal crypts of Lgr5-EGFP, ProxGHEP, and Hopx-CreERT2;Ro0sa26-
tdTomato reporter micd=(g. 1A), we sorted Lgr5+, Prox1+, and Hopx+ cells, refipely, and
performed small RNA-seq to define miRNA profilessiach populationFig. 1C). We found that
the level of expression of miR-7a and miR-7b insesasteadily along the EEC trajectory from
Lgr5+ alSCs to Sox9-Low EEC progenitors to Sox9HHngature EECs, in contrast to other
mMiRNAs such as miR-194 and miR-215, which are deflen the EEC lineage and enriched in
the non-EEC, absorptive lineage (Sox9-Sublow and®$degative) Fig. 1D). We also found by
gPCR that miR-7 is significantly enriched in Hope#lls Fig. 1E), which have been shown
previously to exhibit molecular features of EECgmnitors (18). Moreover, through small
RNA-seq analysis we found that miR-7b is one ofttpethree miRNAs to be significantly

enriched (>5-fold enrichment based on expressioneasured by reads per million mapped to
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miRNAs [RPMMM] and P < 0.05 by two-tailed Studeritgest) in Hopx+ cells relative to

Hopx- cells, further underscoring the potential artance of miR-7b in EEC progenitors.

To validate that the miR-7 family is enriched inERrogenitors, we next performed side
population sorting of the intestinal epithelium asolated the lower side population (LSP) and
upper side population (USP) of cells, which cormgpto reserve intestinal stem cells (rISCs)
and alSCs, respectiveliig. 1A). Consistent with the notion of overlapping idgnbetween
rISCs and cell populations in the EEC lineage () found that LSP cells exhibit molecular
features of mature EECs and EEC progenitors, imauelxpression o€hga(Fig. 1F), and are
depleted for markers of alSCs, includingy5 (Fig. 1F). RT-gPCR analysis showed that miR-7
is significantly enriched in LSP relative to botls® and Lgr5+ celld{g. 1F), confirming miR-

7 enrichment in cells with EEC progenitor features.

To cement the finding of miR-7 enrichment in EE@g@nitors, we next turned our attention to
the Prox1+ cells sorted from the intestinal epitimalof Prox1-EGFP reporter micEig. 1A, C).
Prox1 was recently shown to mark intestinal secygtoogenitors with the capacity to either
differentiate to mature EECs or exhibit prolifevatistem-cell like activity (4), and our small
RNA-seq analysis showed that the miRNA profilerdéstinal epithelial Prox1+ cells most
closely resembles that of Hopx+ cells (rISCs/EE@gpnitors) and Sox9-Low cells (EEC
progenitors) Fig. 1C). We first demonstrated by qPCR that the tradéidEC lineage marker,
Chga and miR-7 are significantly enriched in Prox1H<éFig. 1G). Then, we analyzed the
small RNA-seq data and found that only ten miRNAs>b-fold enriched in Prox1+ cells

relative to Prox1- cellHig. 1H). Several of these, including miR-7b, overlap with class C
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mMiRNAs defined inTable 1. Notably, among these ten miRNAs, we found th&-7b is by far

the most dramatically enriched (~41-fold) in Pro@EC progenitors relative to Lgr5+ alSCs

(Fig. 11).

Prox1+ progenitor cells are thought to give riseordy to mature EECs but also to
differentiated tuft cells. To determine whether /iR truly enriched along the EEC lineage
trajectory, or also highly abundant in tuft cell& next measured miR-7 in mouse jejunal tuft
cells (Epcam+/Siglecf+/Cd45- cells sorted from wijge C57BL/6J mice), which are highly
enriched as expected for the tuft cell matRelkl (Fig. 1J). This analysis revealed that miR-7 is
>350-fold enriched in Sox-9 High EECs relative takl + tuft cells Fig. 1J). As a control, we
also included Lyz1+ Paneth cells sorted from th&aB<«re;tdTomato lineHig. 1J), and
demonstrated that miR-7 is indeed significantlyldegal in these cells relative to Sox9-High
EECs Fig. 1J). As additional validation, we sorted Pyy+ EEGsirthe jejunum of Pyy-EGFP
reporter mice and found that miR-7 is >600-fold enbighly expressed in Pyy+ cells than in tuft
cells (data not shown). These findings providersgreupport for the enrichment of miR-7 along

the entire EEC lineage trajectory.

Taken together, these data define a clear EECdantajectory (from Lgr5+ alSCs to mature

EECs) miRNA signature for the first time and revii@t miR-7 is the most enriched miRNA in

EEC progenitors compared to Lgr5+ alSCs.

MiR-7 expression in EEC progenitors, not mature EECs, is suppressed under conditions of

increased intestinal crypt division and reduced EEC abundance

10
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Several different types of environmental pertudyagi including dietary modifications, have
been reported to alter both crypt growth and EH@mintiation (19, 20). For example, high-fat
diet (HFD) robustly increases intestinal crypt dign (indicative of enhanced proliferation) and
decreases EEC abundance in mice compared to losefafl FD) (20). Our above-described
expression analysis demonstrated that miR-7 isyhgipressed in Sox9-Low EEC progenitor
cells Fig. 1D), which exhibit both proliferative and differertiige capacity, but relatively low in
Lgr5+ alSCsig. 1D). If miR-7 is critical to the control of crypt divish and/or EEC
abundance, we reasoned that it may be modulatétFBy To determine whether miR-7 is
significantly altered by HFD, we performed a HFDdst for 16 weeks, identical to the one
previously described in Mah et al., 2014. First,a@afirmed that HFD-fed mice exhibit a
significant increase relative to LFD-fed mice indigaveight as expected (58.8% increase; P =
1.271e-9; LFD, n = 8; HFD, n = 9). Next, we shovgchistomorphometry that crypt density, a
marker of the rate of crypt division, is signifitgrelevated in the jejunum of HFD-fed mice
(Fig. 2A). We also observed a significant increase in timalver of EQU+ cells/crypt
(proliferating cells) in jejunal crypts from HFDdanice Eig. 2B). Finally, we demonstrated by
immunofluorescence (IF) that HFD-fed animals extsignificantly lower Chga+ cell/villus

count, indicative of reduced EEC numbEry 2C).

To determine whether the EEC progenitor enricheR-ihis associated with this hyper-
proliferative phenotype, we next performed small&Réeq in sorted Sox9-Low cells (EEC
progenitors) from the jejunal epithelial tissueboth LFD- and HFD-fed micd~(g. 2D).
Principal component analysis (PCA) on miRNA prafighowed clear separation of LFD- and

HFD-fed mice Fig. 2E) and differential miRNA expression analysis idéat 15 miRNAs (7

11
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up, 8 down) in Sox9-Low cells altered by more tRafiold (Fig. 2F). Notably, the down-
regulated group of miRNAs includes the EEC lineagaehed miR-7bKig. 2G. In addition, the
downregulation of miR-7b by the dietary perturbatappears specific to EEC progenitors, as it
is downregulated by HFD only in Sox9-Low (EEC proigers) but not in Sox9-High (mature
EECSs) Fig. 2H). This finding indicates that miR-7 is suppresseBHC progenitors under
physiologic conditions that promote crypt divisiand 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 progers) but not Sox9-High cells (mature
EECSs) Fig. 2G), we next performed RNA-seq in sorted Sox9-Lowscbm the jejunal
epithelial tissue of both LFD- and HFD-fed mi¢ad. 2D). PCA on gene expression profiles
showed clear separation of LFD- and HFD-fed mi€ig.(2|) and differential expression analysis
identified nearly 1700 significantly (adjusted ®95) altered genes (410 up, 1279 dovig.(
2J). After multiple testing correction, the genesregulated by HFD are most significantly
enriched in the Ppartranscriptional network (Enrichr KEGG, P=9.89e46}luding genes
involved in fatty acid oxidationHig. 2K), which is consistent with the finding from a rate
study in the colon after a much longer high-fat degimen (21). In the HFD condition, we also
found that several genes involved in crypt divisaord enterocyte differentiation are
significantly up-regulated whereas genes that emt@hscription factors that drive EEC
maturation are significantly down-regulatédd. 2K), which is in line with the observed cellular

phenotypesKig. 2A-C). Using the bioinformatic tool miRhub (22) , weosted that upregulated

12
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genes are significantly enriched for predictedeasites of only one downregulated miRNA,
miR-7 (Fig. 2L). This shows that genes up-regulated in EEC piitgysrunder conditions of
increased intestinal epithelial proliferation axewrrepresented for predicted targets of miR-7.
Notably, among the upregulated genes is X-linkéxbitor of apoptosisXiap) (Fig. 2M), which
encodes a protein that promotes crypt survivalgiodith. WhileXiap has been reported as a
direct target of miR-7 in the context of cervicahcer (23), it has never been reported previously
in the small intestine. Indeed, the levelsX@aip and miR-7b are strongly inversely correlated in

EEC progenitors across LFD- and HFD-fed mi€gy(2N).

MiR-7 controlsintestinal epithelial growth

The above findings, most notably that miR-7 in EiGgenitors is strongly suppressed under
conditions of increased crypt division and thatgleees upregulated during increased crypt
division are enriched for miR-7 predicted targttd, us to hypothesize that miR-7 may regulate
crypt division. To test this hypothesis, we esti#d three-dimensional enteroids from jejunal
crypts of C57BL6/J mice and treated them with latkecleic acid inhibitors against miR-7
(LNA-7) and compared to treatment with LNA-scrambbmtrol (LNA-scr) Fig. 3A). RT-gPCR
analysis showed that treatment with LNA-7 led tolaust suppression (~55-fold) of the miR-7
family in enteroidsKig. 3B). Also, small RNA-seq analysis of LNA-7 treatedernids revealed
that miR-7 is suppressed by many orders of magaitndre than any other miRNAi@. 3C,

Table 2), demonstrating the specificity of the effectd. bfA-7 on miR-7 expression.

Brightfield imaging showed that treatment with LNFAIMIR-7 loss-of-function) significantly

increases enteroid budding, which isearvivoproxy for crypt division (24), relative to LNA-scr

13



298 and mock (no treatment) controlsg. 3D, E). We also confirmed this result in porcine entegsoi
299 (Fig. 3F). Furthermore, we demonstrated that LNA-7 treatrdeamatically increases EdU+
300 cells/enteroidKig. 3G) and PH3+ cells/enteroidFig. 3G, H). Next, we performed

301 complementary gain-of-function studies in mouserds using miR-7 mimics. Our results
302 showed that over-expression of miRFid. 3l) suppresses buddingif. 3J, K) and leads to a
303 reduction in PH3+ cells/enteroi&i@. 3J-L), which is the opposite of what occurs upon

304 inhibition of miR-7. These studies together dem@tstthe functional role of miR-7 in the

305 control of enteroid budding.

306

307 MiR-7 controlsintestinal epithelial proliferation in Drosophila midgut in vivo

308 To determine whether this function of miR-7 is cemved beyond mammals, we turned to the
309 fruit fly model (Fig. 4A). We first demonstrated that miR-7 is the mosnhi$igantly reduced

310 miRNA in theDrosophila melanogastanidgut during the well-documented hyper-proliferat
311 response to infection yrwinia carotovora carotovord5 (Eccl5) (25) Fig. 4B, C). In order to
312 study miR-7 function specifically in proliferatingtestinal epithelial cells, we over-expressed
313 miR-7 (miR-7 OE) in esg+ cells of the midgut, whigipresent the stem/progenitor populations.
314 We found that the number of PH3+ (proliferatingl)<es dramatically reduced upon miR-7
315 over-expression in the backgroundeafcl5 infection compared to contrdtig. 4D, E), which
316 demonstrates that miR-7 downregulation is requioedhe hyper-proliferative response to

317 bacterial insult and that miR-7 is a key regulatbepithelial proliferative capacity in the midgut.
318 While our focus is on mammalian miR-7, and whileréhare notable differences between fruit

319 fly and mammalian gut tissue (for example, lackvefl-established EEC progenitors in the fruit

14
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fly gut), the results from thBrosophilaexperiments convey a remarkable evolutionary

conservation of miR-7 function in the intestinaiteglium.

MiR-7 control of enteroid budding is dependent on intact Xiap

As mentioned previouslyiap encodes a protein that promotes cell survivalgrogvth, and it

is an established direct target of miR-7 by 3’ UrBRorter gene assays in a cancer cell context
(23). However, the functional relevance of the riiRtap regulatory relationship has not been
examined in a non-cancer context and definitelyimattestinal epithelial growth. To determine
whether miR-7 regulatesiap in enteroids, and to determine whether this reéguidakes place

in proliferating cells (stem/progenitors), we peni@d single cell RNA-seq (scRNA-seq) in
mouse enteroids treated with either LNA-scr or LNAA/e sequenced just enough cells to
discern three clusters of different cell types gemator/stem, Paneth, and enterocyimy(5A).
These cell clusters are enriched for markers tteakiaown to be associated with each cell type
(Fig. 5B, C). Notably, the signal for markers of proliferatimereased in the progenitor/stem
population after treatment with LNA-Fig. 5C). Next, we focused oXiap and found that its
average level across all cells is significantlywated by treatment with LNA-7 relative to LNA-
scr Fig. 5D). Moreover, the percentage Xiap+ progenitor cells is ~2-fold increased by LNA-7
(~21%) relative to LNA-scramble (~109%if. 5E). In progenitor/stem cells, the fold-increase
of Xiap+ cells after LNA-7 treatment is even greater (eRifFig. 5F). These results suggest
that more progenitor/stem cells exprsap, and at higher levels, after LNA-7 treatment.
Although mouse enteroids are comprised of mangdifitiated cell types, most of which do not

robustly express miR-7, human enteroids tend &nmet more stem/progenitor state in culture
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(26). Therefore, to test miR-7 regulationdAP, we treated human enteroids with LNA-7,

which led to dramatic suppression of miR-7 andyaificant increase iXIAP (Fig. 5G).

To determine whether miR-7 control of enteroid gitovgs mediated in part by regulation of
Xiap, we examined the effect of LNA-7 in mouse eoitds in the context of Xiap suppression.
Treatment of enteroids with GDC0152, an Xiap intohieffectively reduced Xiap+ cells per
enteroid Fig. 5H) and suppresses the budding phenotifpg 61). We then showed that
treatment with GDCO0152 significantly blunts theeets of LNA-7 on Xiap+ cells/enteroiéiQ.
5J), budding Fig. 5K), and PH3+ cells/enteroiéFig. 5L). These results convey that the effects

of miR-7 on enteroid growth are mediated at leagtart through regulation of Xiap.

Xiap is known to promote Egfr (27). To evaluatetlier the dependency on Egfr, we next tested
the effect of LNA-7 in the context of direct Egfrpgpression. We first demonstrated in mouse
enteroids that treatment with an oligonucleotidabitor of Egfr(Gapmer Egfr) down-regulates
Egfr mRNA levels by ~60%Hig. 6A) and significantly reduces enteroid budding aseeigul

(Fig. 6B, C). Then we showed that treatment of enteroids ®a&pmer Egfr significantly blunts
the pro-proliferative phenotype observed with LNA&I@ne or with Gapmer Control, as
determined by buddind-{g. 6D, E) and EdU stainingHig. 6E). Also, we demonstrated that

Egfr suppression greatly blunts the hyper-budding ptygeoin LNA-7 treated enteroids

compared to LNA-scr treated enteroisg; 6F).

A previous study established that Egfr signaling sappress EEC differentiation (28). Given the

finding that miR-7 function is dependent in partiegfr signaling, we hypothesized that loss of
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miR-7 may shift the balance of secretory progeratils toward proliferation and away from
EEC maturation. Indeed, in our sScRNA-seq data froouse enteroids, we found that LNA-7
treatment increases the proportion of Prox1+ ¢phgliferative EEC progenitors) and decreases
the proportion of Chga+ cells (mix of EEC progerstprimed to differentiation and mature
EECSs) in the progenitor populatioRi§. 6G, H). To validate this observation, we showed that
treatment of enteroids with LNA-7 leads to a sigmifht increase in Prox1-EGFP+ cells/enteroid
(Fig. 6l1) and a significant decrease in Chga+ cells/erdgfog. 6J). Taken together, these data
strongly suggest that EEC progenitor enriched miR+part through Xiap and Egfr, controls
enteroid budding (proxy for crypt division) and mago be involved in the regulation of EEC

abundanceKjg. 6K).

Discussion

Although miRNAs are well-appreciated as regulatdrsell division, growth, and differentiation
in many organ systems, their contributions in titestinal epithelium remain largely unknown.
Recently, several studies have reported that EBGemitors represent a plastic cell population
that can either drive the formation of mature EBE€exhibit stem cell-like proliferative capacity
(3, 4). Here, we have: (1) identified miR-7 as ghlhy enriched miRNA across the entire EEC
lineage trajectory, using eight different reportgéce, FACS, and small RNA-seq; (2) defined
miR-7 as the most enriched miRNA in EEC progenitetative to Lgr5+ stem cells; (3)
demonstrated that miR-7 in the EEC progenitor pajporh is dramatically suppressed under
physiological conditions of increased crypt divisi¢4) showed that miR-7 controls enteroid
budding and EEC progenitor cell behavior; and fBvweed that miR-7 function depends at least

in part on intact Xiap and downstream Egfr sigr@lifio our knowledge, this is the first report
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388 of a miRNA enriched along the EEC lineage trajectbat exerts substantive control of enteroid
389 growth and likely EEC abundance. Although previguslR-7 has been reported to have roles in
390 specific cancer contexts (17, 29, 30), our studiesfirst to our knowledge to demonstrate that
391 miR-7 regulates intestinal growth under normal pblggiical conditions. It is noteworthy that
392 modest but significant changes in miRNA expresséimjlar to what we show for miR-7 in this
393 study, have been linked functionally to importahéepotypes in numerous prior studies (31-33).
394

395 Although our data suggest that miR-7 has impontales in EEC progenitor cells, we also

396 cannot rule out functions in other stem/progercelf types. Also, though we have

397 demonstrated that manipulating miR-7 expressionleggs intestinal epithelial proliferative

398 capacity, whether miR-7 controls the abundanceetific subtypes of mature EECs requires
399 future detailed investigation. In addition, we Babserved downregulation of miR-7 only in
400 EEC progenitors but not in mature EECs upon HFig.(2), motivating the question of what
401 upstream mechanisms regulate miR-7 in this cek-tpecific manner. A study Drosophila

402 showed that Ato, the mammalian ortholog of whichtshl (a known EEC lineage driver in
403 mouse), is upstream of miR-7 during developmen}. (Bfhether Atohl regulates miR-7 in the
404 mammalian intestinal epithelium and whether Atahieisponsible for the alteration of miR-7
405 expression upon HFD remain to be determined irfuthee.

406

407 Though mature EECs constitute only ~1% of cellhaintestinal epithelium, they are critical
408 for orchestrating proper responses to nutritional microbial input in order to maintain energy
409 homeostasis and immune function (35-37). They aoavk to secrete many different kinds of

410 hormones that function through endocrine and perasignaling, and they are thought to be
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major contributors to the immediate, weight-lossependent positive metabolic effects of
bariatric surgery (38). Also, recent studies hawplicated EECs in the gut-brain axis and the
immune-endocrine axis through direct connectioartteric nervous system and surrounding
immune cells, respectively (39). While changes ECEabundance and/or function have been
linked to a wide array of diseases including diabgeinflammatory bowel disease, and
psychiatric/neurologic disorders (40, 41), the kegulators of the EEC lineage remain
incompletely characterized due in part to the r@senhigh molecular heterogeneity, and
plasticity of this cell population. In the presshidy, we uncovered the functional role of EEC
lineage-enriched miR-7 particularly in regulatimggistinal epithelial growth and also provided
observations suggesting its role in regulating ElBGndance. The potential role of miR-7 in

regulating EEC maturation and function warrantsifeistudies.

In vivo loss-of-function studies of miR-7 is made extrenatallenging by the fact that there are
three different miR-7 paralogs in mice, miR-7a-1RnA7a-2, and miR-7b. We believe the current
study provides strong motivation to invest in tleaeration of an EEC progenitor cell-specific
miR-7 triple-knockout mouse colony. These mice Wdluseful for futuren vivo investigation

of the role of miR-7 in intestinal epithelial pri@ration and renewal under baseline conditions
and in response to different perturbations thaaaftrypt behavior, including high-fat diet,
pathogenic gastrointestinal infection, irradiationgven bariatric surgery. Finally, we note that
this study identifies several other miRNAs in agdtitto miR-7 that are enriched in the EEC
lineage trajectory and altered under conditionsofeased crypt budding. It will also be of great
interest to investigate the role of these miRNAS to isolation and in conjunction with miR-7,

in controlling the biology and pathophysiology bétcrypt in the intestinal epithelium.
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Materialsand Methods

Animal models and diet study. The following transgenic reporter mice were utiizéemale and
male Sox9-EGFP (42), female Lgr5-EGFP (24), fenRdex1-EGFP (43), female Pyy-EGFP
mice (44), male and female Defa6-CreERT;Rosa26+tHio mice (45), and male and female
Hopx-CreERT;Rosa26-tdTomato mice (JAX strains 05/67914). For the diet study, 8-10
week old C57BL/6 wild-type mice and, either 8-10ekeold Lgr5-EGFP female mice (for
histomorphometry and metabolic phenotyping) or 88410 weeks old Sox9-EGFP female mice
(for cell sorting and RNA sequencing), were &l libitum with either low-fat diet (LFD, 14%
kcal from fat; Prolab RMH3000) or high-fat diet (HF45% kcal from fat; Research Diets
D12451) for 16 weeks. Body weight, body compositonl blood parameters were measured to
confirm obesity phenotype. To mark cells in S-phasethynyl-2deoxyuridine (EdU) was
administered by ip injection (100g/25g body weight) 90 minutes prior to euthaniziitpe
harvested small intestine was divided into thre@aégsegments. The middle region was
considered jejunum. All animal procedures weregrered with the approval and authorization

of the Institutional Animal Care and Use Commité¢each participating institution.
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Flow cytometry. Six distinct reporter mouse strains that facilittte sorting of a variety of
different intestinal epithelial cell types were dséo isolate alSCs (Lgr5-EGFP), EEC
progenitors (Sox9-EGFP and Prox1-EGFP), mature H56%9-EGFP and Pyy-EGFP), Paneth
cells (Defa6-CreERT2;Ro0sa26-tdTomato), and rISCsopfHCreERT2;Rosa26-tdTomato).
Mouse intestinal epithelial cells from the jejunumere dissociated and prepared for
fluorescence-activated cell sorting (FACS) as dbksdr previously (20). CD31-APC
(BioLegend, San Diego, CA), CD45-APC (BioLegend)nda Annexin-V-APC (Life
Technologies, Carlsbad, CA), and Sytox-Blue (Liciinologies) staining were used to exclude
endothelial cells, immune cells, and apoptoticssektspectively. The gating parameters of FACS
sorting were described previously (20). The Lgrax$% and Defa6 sorts were performed using a
Mo-Flo XDP cell sorter (Beckman-Coulter, FullertddA) at the University of North Carolina
Flow Cytometry Core Facility. The Prox1 sorts weerformed using BD FACS Aria Fusion
Fluorescence Activated Cell Sorter at Cornell Ursitg Flow Cytometry Core Facility at the
Biotechnology Resource Center. The Pyy sorts werbopned using BD FACSAria™ |l Cell
Sorter at Kings BRC flow cytometry Core facilityol@ng of Hopx+ cells was conducted at
North Carolina State University, College of Vetaiiy Medicine using a Mo-Flo XDP cell sorter
(Beckman-Coulter, Fullerton, CA). The cells weratad directly into cold DMEM or lysis

buffer.

Tuft cells were sorted by use of the cell surfacarkar Siglecf. Mouse jejnual cells were
prepared as described previously (46). Aqua LiveaDdixable viability stain Live dye
(ThermoFisher) and anti-mouse EpCam-APC (clone GBh&rmoFisher) staining was used to

include viable, epithelial cells, respectively, fehanti-mouse CD45 BV605 (clone 30-F11, BD
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Biosciences ) staining was used to exclude immueils.c Anti-mouse Siglecf-PE antibody
(clone E50-2440, ThermoFisher) was employed tochrfor tuft cells. Sorting for tuft cells was
performed using BD FACS Aria Fusion Il FluoresceAativated Cell Sorter (BD Biosciences)
at Cornell University Flow Cytometry Core Faciliiotechnology Resource Center. Cells were

sorted directly into cold lysis buffer (Norgen).

Side population sorting was used to separate tbhefraation of slowly cycling from active
cycling intestinal stem cells, as described preslp18). Mouse intestinal epithelial cells from
the jejunum of female C57BL/6 mice were prepared sorted into either upper side population
(consisting of actively cycling stem cells) or lawsde population (consisting of slowly cycling
stem cells) by the previously described gating weth(18). The side population sorting (46)
was performed using a Mo-Flo XDP cell sorter (BeakaCoulter, Fullerton, CA) at the
University of North Carolina Flow Cytometry Coredidy. Cells were sorted directly into cold

lysis buffer (Norgen).

Histological analysis. Mouse jejunal tissue was fixed in 4% (v/v) neubvaffered
paraformaldehyde, embedded in paraffin, and cub Him sections for various staining
experiments. Haemotoxylin and eosin (H&E) stainwvag performed for morphometric analyses
(villi height and crypt density). Crypt density waalculated by dividing the number of well-
oriented crypts per millimeter of submucosal ciréerence. EdU staining was performed to
visualize cells in S-phase using the Click-iT EdUexaFluor 594 Kit (Invitrogen).
Immunofluorescent staining afchromogranin (Chga) was performed for assessirtgna&EC

number. Briefly, sections were incubated with priynantibody (rabbit Chga, 1:100 dilution in
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immunofluorescence buffer, Abcam ab15160) overnegh#°C followed by Alexa flour 594
secondary antibody incubation for 2 hr at room terafure. DAPI (1:1000) was used to
visualize nuclei. Images were captured using ZEAS®vert 200M inverted microscope. The
numbers of Chga+ cells per villus were normalizgdaberage villus height (mm) in each of the
diet groups. For the villus height measurementg, data point from LFD group and one data
point from HFD were removed as outliers after apygythe criterion of value beyond average +

1.5*standard deviation.

RNA extraction and real-time gPCR. Total RNA was isolated using the Total or Singld-ce
RNA Purification kit (Norgen Biotek, Thorold, ON,a@ada). High Capacity RNA to cDNA kit
(Life Technologies, Grand Island, NY) was used ffieverse transcription of RNA. TagMan
microRNA Reverse Transcription kit (Life Technoleg) was used for reverse transcription of
miRNA. Both miRNA and gene expression gPCR werdopered using TagMan assays (Life
Technologies) with either TagMan Universal PCR Ma#ix (miRNA gPCR) or TagMan Gene
Expression Master Mix (MRNA gPCR) per the manufiaata protocol, on a BioRad CFX96
Touch Real Time PCR Detection System (Bio-Rad Latwies, Richmond, CA). Reactions
were performed in triplicate using either U6 (miRMRCR), Rps9 (mouse mRNA gPCR) or

RNU48 (human mRNA gPCR) as the normalizer.

Small RNA library preparation and sequencing. The small RNA sequencing of cells from the
various cell sorts anD. melanogastemidgut was conducted at Genome Sequencing Faoflity
Greehey Children's Cancer Research Institute atdusity of Texas Health Science Center at

San Antonio. Libraries were prepared using the ikLCleanTag Small RNA Ligation Kit
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(TriLink Biotechnologies, San Diego, CA). Sevendight libraries were sequenced per lane,
with single-end 50x on the HiSeq2500 platform. Rasquencing data and miRNA

guantification tables can be accessed through GEQd GSE118814.

RNA library preparation and sequencing. RNA-sequencing libraries from the Sox9 sorts of
LFD-fed and HFD-fed C57BL/6J mice were preparecigishe Clonetech SMARTer Ultra Low
Input library preparation kit combined with NexteXd DNA sample preparation kit (Illumina)
and sequenced with single-end 100 bp on a HiSeqpGafbrm at the UNC High Throughput
Sequencing Core Facility, as previously describéd).(Raw sequencing data as well as

normalized counts are available through GEO acocesS5E118814.

Single cell suspension preparation, RNA library preparation, and sequencing. Enteroids
treated with either LNA7 or LNA-scramble were hastesl at Day 5. Briefly, media was
removed from enteroid cultures and the enteroidseweashed twice with ice cold PBS.
Enteroids were collected in cold PBS, spun dowB0détxg for 5 minutes, and resuspended as a
pellet in 10 mL of ice-cold D-PBS with 0.04% (w/BBA. Centrifugation at 1000xg at 4C was
carried out for 5 minutes. Supernatant was remavetithe pellet was resuspended in 10 mL of
room temperature HBSS with 0.3 U/mL dispase. Intohain a water bath was performed at
37°C for 12-16 minutes. The tubes were gently shakeery 2 minutes. An aliquot was
examined under the microscope to determine wheth®6 of the cells were single cells.
Dispase activity was stopped by adding FBS to 10%etotal volume of samples and DNasel
to a final concentration of 5Qg/mL (50 ul). Samples were filtered with 40m strainer and

centrifuged at 500xg at 4°C for 5 minutes. The sugi@nt was removed and the pellet was
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resuspended in 10 mL of ice cold HBSS, and the kmweere filtered again with 40m strainer
and centrifuged at 500xg at 4°C for 5 minutes. 3tygernatant was removed and the pellet was
resuspended in 100l of ice-cold D-PBS with 0.04% (w/v) BSA. The samplwere gently
mixed several times with wide-bore pipet tip (10940 pipet tip), and then checked under the
microscope for any clumping. If clumps were presdhe filtration, centrifugation, and
resuspension steps were repeated. Finally, cdilijaand cell number were determined using
Trypan blue and BioRad cell counter in order tocped with single cell library preparation and
sequencing. For single cell sequencing, we used@xeGenomics Chromium instrument at the

Cornell Genomics Facility.

Bioinformatics analysis. Bulk small RNA- and RNA-sequencing analysisSmall RNA-
sequencing reads were aligned to the mouse genom®)(and quantified using miRquant 2.0
as previously described (48), with the exceptiaat taw miRNA counts were normalized using
DESeq2 (49) to determine significance. Fruit flgsences were depleted for a dominant rRNA
species prior to alignment to the full genome (dmmBIRNA annotation was performed using
miRbase (r18 for mouse and r21 for fruit fly). RNdA&quencing reads were mapped to mouse
genome release mm10 using STAR (v2.5.3a) (50) eamtsdript quantification was performed
using Salmon (v0.6.0) (51). Differential gene esgren analysis was accomplished using

DESeq2 (49).

Single cell RNA-sequencing analysisSingle cell RNA-sequencing reads for 107 LNAfd a

158 LNA-scr cells were aligned to the mouse gendmenl0) and quantified using 10X

Genomics CellRanger count. Cells with low gene demity (<200 genes per cell) or with a
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strong mitochondrial signature (>25% mitochondgahes) were filtered, resulting in 92 LNA-7
and 140 LNA-scr cells. Cluster identification, @iféntial expression analysis, and t-SNE plot

generation were performed with Seurat_3.0.1.

Other— MIRNA binding site enrichment among differentyaéxpressed genes was determined
using miRhub (22). Transcription factor enrichmerds determined by inputting the top 20
significant up-regulated genes into Enrichr (52) %d using the ENCODE and ChEA

Consensus TFs from the ChlIP-X dataset.

Enteroid culture. Mouse enteroids Jejunal crypts were isolated from 3-5 months elchdle
C57BL/6 mice as previously described (47). Theat crypts (Day 0) were grown into
Reduced Growth Factor Matrigel (cat. 356231, Capidvanced DMEM/F12 (cat. 12634-
028, Gibco) supplemented with GlutaMAX (cat. 35@&%, Gibco), Pen/Strep (cat. 15140,
Gibco), HEPES (cat. 15630-080, Gibco), N2 supplenfeat. 17502-048, Gibco), 50 ng/mL
EGF (cat.2028-EG, R&D Systems), 1Q@/mL Noggin (cat. 250-38, PeproTech), 250uig/
murine R-spondin (cat. 3474-RS-050, R&D Systemsy, B0 mM Y27632 (cat. ALX270-333-
MO025, Enzo Life Sciences) was added. For miRNA-lafskinction studies, miRCURY LNA
Power Inhibitor against mouse miR-7 (mmu-miR-7a-§ggt. YI04100818-DDA, Qiagen) or
Power Negative Control A (cat. YI00199006-DDA, (@ay was added at 500 nM on Day 0 and
supplemented at 250 nM on Day 3. For miRNA gairiuofetion studies, miIRCURY LNA
mimic of miR-7 (cat. YM00472714-AGA, Qiagen) or Nsiye Control (cat. YM00479902-

AGA, Qiagen) was added at 500 nM on Day 0 and supehted at 250 nM on Day 3. Enteroids
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at Day 5 were harvested for RNA isolation or fixed2% (v/v) paraformaldehyde for whole

mount staining.

For studies knocking dowkgfr, LNA-7 treated enteroids were treated with a cusidNA
GapmeR against Egfr (Egfr GapmeR-A Design ID: LGBEB3-DDA, Egfr GapmeR-B Design
ID: LG00204889-DDA, Egfr GapmeR-C Design ID: LG0@390-DDA, Qiagen) or Negative
Control A Gapmer (Design ID: LG0O0000001-DDA, Qiayeat 500 nM at Day 0 and
supplemented at 250 nM at Day 3. Enteroids at Dagfe harvested for RNA isolation or fixed
in 2% (v/v) paraformaldehyde (PFA) for whole mowstaining. For EdU staining assays,
enteroids were treated with 10 mM EdU 6 hr priorthhe harvest time point follow by the
manufacturer’'s protocol of Click-iT™ EdU Alexa FIU¥Y 488 Flow Cytometry Assay Kit

(C10425, ThermoFisher).

For studies inhibiting Xiap function, enteroids wéreated with GDC0152 (SelleckChem; Cat. #
S7010), which inhibits the activity of IAPs (Inhibis of Apoptosis Proteins) including X
chromosome-linked IAP (XIAP) and IAPs 1 and 2 amdnpote apoptosis. The enteroid culture
was treated alone with GDCO0152 at 025 or co-treated with LNA at day 0. At day 5,
enteroids were fixed in 2% (v/v) paraformaldehyde Ilbrightfield imaging and whole mount

staining.

Porcine enteroids Jejunal crypts were isolated from 6—-10 week-oldxadigender, wild type

Yorkshire cross pigs as previously described (34g isolated crypts (Day 0) were cultured in

Reduced Growth Factor Matrigel (cat. 356231, Cajhand maintained in DMEM/F12 medium
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(cat. 12634-010, Life Technologies) supplementethvd0 ng/ml EGF (cat. 236-EG, R&D
Systems), 100 ng/ml Noggin (cat. 120-10C, PeproJechug/ml R-Spondin (cat. 4645RS/CF,
R&D Systems), 500 nM A83-01 (cat. 2939, Tocris Bieace), 10 uM SB202190 (cat. S7067,
Sigma), 1 mM Nicotinamide (cat. NO636, Sigma), M Gastrin (cat. G9145, Sigma), 10 uM
Y-27632 (cat. Y0503, Sigma) and 100 ng/ml Wnt34a.(8836-WN/CF, R&D Systems). For
mMiRNA studies, miRCURY LNA Power Inhibitor againstiR-7 (mmu-miR-7a-5p miRCURY
LNA miRNA Power Inhibitor, cat. YI04100818-DDA, @an) or Power Negative Control A

(cat. Y100199006-DDA, Qiagen) were added on Day@ enteroids were harvested on Day 3.

Human enteroids- Human duodenal enteroids were previously estaddi from tissue collected
from deceased donors through the Gift of Life, Nem (University of Michigan IRB

REP00000105; not regulated designation). For thidys specimen Duo-87 from a 21-year-old
male were used (Translational Tissue Modeling Latooy, TTML). Enteroids were cultured in
medium containing 25% (v/v) L-WRN conditioned meadiuThe complete medium contained
Advanced DMEM/F-12 (cat. 12634028, Gibco), 2 mM t@Max (cat. 35050-061, Gibco), 10
mM HEPES (cat. 15630080, Gibco), N-2 (cat. 1750208&co0), B-27 supplement minus
vitamin A (cat. 12587010, Gibco), 50 units/mL pélic 0.05 mg/mL streptomycin (cat.

15070063, Gibco), 50 pg/ml Primocin (InvivoGen; ##pm-1), 1 mM N-Acetyl-L-cysteine

(Sigma-Aldrich, A9165), 50 ng EGF/mL (R&D Systemagc., 236-EG), 10 uM SB202190
(Sigma-Aldrich; S7067), 500 nM A83-01 (R&D Tocri$2939), and 10 uM Y27632 (Tocris;
125410). Cultures were grown in Matrigel (dilutemd 8mg/mL with growth media; Corning,
#354234). Cultures were passaged by triturating @ieslociating the Matrigel in cold DPBS,

centrifuging at 300xg, and plating the first dayjhw.5 utM CHIR99021 (Tocris; 4423). For
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mMiRNA studies, miRCURY LNA Power Inhibitor againstiR-7 (mmu-miR-7a-5p miRCURY
LNA miRNA Power Inhibitor Qiagen cat Y104100818-DDAr Power Negative Control A

(Qiagen cat. Y100199006-DDA) were added on Day @ ameroids 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, Wwasl by PBS containing 0.1% (w/v)
BSA/0.02% (v/v) Triton-X/0.05% (v/v) Tween-20 andobked with 10% (v/v) normal goat

serum. Primary antibodies were used to stain Chagabit anti-Chga, 1:100, Abcam ab15160)
and PH3 (rabbit anti- Phospho-Histone H3 (Serl@pQ@ Cell Signaling 9701S) and Xiap
(1:100; rabbit, Novus Biologicals NBP2-20918). Ts$taining was visualized by fluorescence
microscopy with fluorescent-conjugated secondatipadies (goat anti rabbit Alexa Fluor 488,
1:400, ThermoFisher, Cat. # A-11034). Nuclei weoairterstained with Hoechst 33258 dye
(1:2000). For EdU staining assays, enteroids weateéd with 10 mM EdU 6 hr prior to the
harvest time point follow by the manufacturer’'stpaml of Click-iT™ Plus EdU Alexa Fluor™

488/594 imaging Kit (C10637, C10639 ThermoFisherel®dic). The immunofluorescent

staining was visualized by ZEISS Axiovert 200M irteel microscope. The z-stack bright field

images were taken by ZEISS Axiovert 200M invertadroscope for bud count analysis.

Eccl5 infection in Drosophila melanogaster. Wide type line Canton-S (BDSC: 64349) was
maintained at room temperature (~23°C) on stanfiiardedium (50 g baker yeast, 30 g
cornmeal, 20 g sucrose,15 g agar, 5 mL 99% (viepipnic acid mix, 0.5 mL 85% (v/v)
phosphoric acid, 26.5 mL methyl paraben in ethgeoll L) in a 12:12 hours light/dark cycle.

Oral infection of pathogeRrwinia carotovora ssp. carotovorkb (Eccl5) was performed as
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previously described (25). Orally treated flies &varcubated at 29°C until dissection for

analyses.

Generation of genetically modified lines of Drosophila. Esg-Gal4; UAS-GFP, tub-Gal80

(Esd®, progenitor specific) (55) and Uas lines (BDSC 3)lwere used for creating flies with
miR-7 overexpression in Esg stem/progenitor c@knetic crosses for flies containing Gal4-
UAS-Gal80 system were crossed using ~15 femalg dlirel 5 males, and transferred during
development in a 12:12 hour light/dark 18°C incobaParental generation was removed after 5

days in the 18°C incubator to control for fly depsif the F1 progeny.

Immunostaining of Drosophila midgut. The excised Drosophila midguts were fixed in 4%
paraformaldehyde and washed with 0.1% (w/v) TrXeh00 in PBS. The samples then
incubated for an hour in blocking solution (1% (WBSA, 1% (v/v) normal donkey serum, and
0.1% (w/v) Triton X-100 in PBS) followed by overhigprimary antibody incubation and 2
hours secondary antibody staining. Primary antié®dised in this study were rabbit anti-PH3
(1:000, EMD Millipore). Secondary antibodies usedhis study were donkey anti-rabbit-555
(1:2000, Thermo Fisher). DAPI (1:50000) was useddaalize nuclei. Imaging was performed
on a Zeiss LSM 700 fluorescent/ confocal invertecdrascope. PH3 positive cells were

manually counted along the surface of the midgut.

Statistics. In most figure panels, quantitative data are requbats an average of biological
replicates + standard error of the mean. In fiqraeels pertaining to bright field bud count
analysis and whole mount immunofluorescent staimrgnteroids, quantitative data are reported
as an average of values from all the enteroidsgabivbm multiple independent experiments +

standard error of the mean (n=2-7 wells per comdliier experiment). In all analyses, statistical
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differences were assessed by two-tailed Studete'sttwith threshold P-value < 0.05, unless

otherwise specifically noted.

All authors had access to the study data and haelwed and approved the final manuscript.
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Figurelegends.

Figure 1. MicroRNA-7 ishighly enriched in the enter oendocrine (EEC) lineage tr aj ectory.

a, Schematic diagram of different sorted cell popate representing specific cell lineages in
the small intestineb, Level of expression (RNA-seq) of specific margenes in each of the
Sox9-Low (n=4), Sox9-High (n=3), and Sox9-Negaiine4) populations of cells,
Hierarchical clustering analysis based on the esgioa profiles of the top 50 most variable
mMiRNAs across the different sorted cell populatishewn in the heat map (Sox9-Low, n=3;
Sox9-High, n=3; Sox9-Negative, n=3; Sox9-Sublow3,nSox9-Unsorted, n=2; Lgr5-High, n=2;
Hopx+, n=4; Prox1+, n=31, MiR-7a/b expression in the EEC lineage vs. noiGEBsorptive
lineage. Similar data for miR-194 and miR-215 pded for sake of comparisog.RT-qgPCR
data showing enrichment bfopxand miR-7 in Hopx+ cells (n=4) relative to Hopells (n=4).
f, RT-qPCR data showing enrichment of miR-@r5, andChgain lower side population (LSP,
n=2) relative to upper side population (USP, n=8) bgr5+ cells (n=2)g, RT-gPCR data
showing enrichment d?rox1, miR-7, andChgain Prox1+ cells (n=3) compared with Prox1-
cells (n=3).h, Scatter plot showing abundance (y-axis) and bnrent (x-axis) of all detected
mMiRNAs in Prox1+ cells (n=3) relative to Prox1-lsgh=3). MiRNAs above expression of 1000
reads per million mapped to miRNAs (RPMMM) and &fenrichment are shown in red
(n=10). Among these, miR-7b is highlighted in blyé=old-difference in expression of the 10
miRNAs highlighted in panel (f) in Prox1+ cells @)relative to Lgr5+ cells (n=2) highlights
miR-7 (blue) as a robust EEC progenitor cell erectmiRNA.j, Left: RT-gPCR data showing
enrichment oLyzl (marker of Paneth cells) in Defa6+ (n=4) relatvdefa6- cells (n=4).
Middle: RT-gPCR data showing enrichment of Dclklatker of tuft cells) in Siglecf+/CD45-

/[EpCam+ cells (n=2) relative to unsorted cells (n&ght: RT-qgPCR data showing miR-7
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enrichment in EECs (Sox8igh; n=3) compared to Paneth and tuft cells. * P < 0.05, ** P <

0.01, *** P < 0.001 by two-tailed Student’s t-te®RQV, relative quantitative value.

Figure2. MiR-7 expression is suppressed and predicted miR-7 targetsare elevated in EEC
progenitorsunder conditions of increased intestinal crypt division and reduced EEC
abundance. A, Representative H&E images and crypt density dfieetion of mid-jejunum
from HFD-fed (n=9) and LFD-fed (n=8) mix of Lgr5-E® reporter mice and naive C57BL/6
WT mice. Bar = 100 umB, Representative images of tissue sections stawtbdHoechst
(blue) and EdU (red) and quantification of EdUHekr crypt from HFD-fed (n=8) and LFD-
fed (n=7) Lgr5-EGFP reporter mice and naive C57BMB mice.C, Representative images of
tissue sections stained with Chga and quantifinatiocChga+ cells per villi (normalized by villi
height) from HFD-fed (n=7) and LFD-fed (n=4) mix lo§r5-EGFP reporter mice and C57BL/6
naive WT miceD, Schematic oexperimental workflow using Sox9-EGFP reporter miee
PCA plot of small RNA-seq data of Sox9-Low cellsrfr HFD-fed and LFD-fed Sox9-EGFP
reporter mice.F, Volcano plot of differentially expressed miRNAsHFD-fed relative to LFD-
fed Sox9-EGFP reporter mice (dashed lines reprdsiehthange > 2).G, miRNAs that are
significantly (P < 0.05) upregulated or downregeaithin jejunal Sox9-Low sorted cells from
HFD-fed relative to LFD-fed mice. Red and bluesbiaighlight miRNAs with greater than 2-
fold change up or down, respectively, in HFD-feldtige to LFD-fed mice.H, Expression level
of miR-7b (small RNA-seq) in Sox9-Low and Sox9-Higglls from HFD-fed and LFD-fed
Sox9-EGFP micd., PCA plot of RNA-seq data of Sox9-Low cells fronkrBHed and LFD-fed
mice.J, Volcano plot of differentially expressed genes$lifD-fed relative to LFD-fed Sox9-

EGFP reporter mice (dashed line represents adj&sted.05)K, Heatmap showing changes in
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genes involved in proliferation, EEC differentiatj@and enterocyte differentiation of jejunal
Sox9-Low cells of HFD-fed relative to LFD-fed mide, Enrichment analysis of miRNA target
sites (using the Monte Carlo simulation tool miRhimbgenes upregulated in response to HFD
(dashed line represents P < 0.05). Only miRNAs doygulated greater than 2-fold in Sox9-
Low cells from HFD-fed relative to LFD-fed mice d@reluded in the analysi8l, Sequencing
data showing upregulation of miR-7 target g&ingp in Sox9-Low cells from HFD-fed relative
to LFD-fed miceN, Inverse correlation between expression level igf-ith andXiap among the
HFD-fed and LFD-fed Sox9-EGFP reporter mice. Adliie panels from (e) onward correspond
to data from n=4 HFD-fed and n=4 LFD-fed Sox9-EG&porter mice. * P < 0.05, ** P < 0.01

by two-tailed Student’s t-test.

Figure 3. MiR-7 controlsintestinal epithelial growth ex vivo. A, Experimental design for
testing the effect of miR-7 suppression in entemilfure established from C57BL/6 WT mouse
jejunum. B, RT-gPCR data showing effective suppression of mgkression by locked
nucleic acid (LNA-7) treatments in mouse entera@osipared with mock (no treatment) and
LNA-scramble (LNA-scr) control (n=5-6 wells per atition pooled from two independent
experiments).C, Small RNA-seq followed by differential expressiamalysis showing highly
robust and specific suppression of all the miRdila members in the enteroids treated with
LNA-7 compared to LNA-scr (LNA# n=6; LNA-scr, n=5). D, Representative bright field
images of enteroids treated with mock, LNA-scr, &ahd\-7. E, Bar graph depicting average
number of buds / enteroid in the indicated treatngeoups Data were pooled from 3
independent experimentsock, n=174; LNA-scr, n=214; LNA-7, n=163 enteroids)F, Left:

RT-gPCR data showing effective suppression of miR+EZNA-7 (n=5 wells/condition) in
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porcine enteroids. Right: bar graph depicting agyemaumber of buds / porcine enteroid in the
indicated treatment groups. Enteroids were poalath 6 independent experiments (Mock,
n=83; LNA-7, n=86 enteroids)G, Representative images of mouse enteroids shomode
mount staining signal for EdU (greenp) and PH3 (regbottom).H, Bar graph depicting
average number of PH3+ cells per enteroid. Alhef énteroids across multiple wells were
examined (mock, n=10QNA-scr, n=83 LNA-7, n=106 enteroids), RT-gPCR data showing
effective increase in miR-7 levels in mouse entésdreated with mimics of miR-7 (mimics-
miR-7) compared with mock (no treatment) and mirsicsamble (mimics-scr) (n=3 wells per
group). J, Representative brightfield images of WT mousemds (top) and whole mount
staining signal for PH3 (red) (bottom) in the iratied treatmentsk, Quantification of the
average number of buds per enteroid in the indicaeatments. Enteroids per treatment group
were pooled from multiple wells for quantification (Mock, n=175; mimics-scr, n=168; mimics-
miR-7, n=116)L, Quantification of the average number of PH3+scp#r enteroid in the
indicated treatments. All of the enteroids acrosdtiple wells were examine@nock, n=123;
mimics-scr, n=190; mimics-miR-7, n=165 enteroids). * P < 0.05, ** P < 0.0ida** P < 0.001

by two-tailed Student’s t test. RQV, relative qutative value.

Figure4. MiR-7 controlsintestinal epithelial proliferation in Drosophila midgut in vivo. A,
Mature miR-7 sequence across different speciekidimg human, pig, mouse and fruit fly. The
seed sequence is denoted in rBdHeatmap results of small RNA-seq analysi® of
melanogastemidgut showing miRNAs that are significantly (P ©8) upregulated or
downregulated upon exposure to the pro-prolifeedfiecl5 pathogen (n=3) relative to

unchallenged (UC) condition (n=3). Only showingd miRNAs with average reads per
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million mapped to miRNAs (RPMMM) > 100 in eithEccl5 challenge or UCC,
Downregulation of miR-7 in thB. melanogastemidgut at 4 hours (minimal proliferative
response, n=3) and 12 hours (peak proliferativearse, n=3) aftéEccl5 challenge compared
to the UC control groupD, Immunofluorescent staining of DAPI (blue) and Egigeen) inD.
melanogastemidgut with mock (left), Ecc15 alone (middle), aadc15 with miR-7
overexpression driven by the Esg promoter (miR-7 @Bht). E, Bar graph showing counts of
PH3+ replicating cells in thB. melanogastemidgut of each. * P < 0.05, ** P < 0.01 and *** P

< 0.001 by two-tailed Student’s t-test.

Figure 5. MiR-7 control of enteroid budding is dependent on intact Xiap. A, t-SNE plot of
single cell RNA-seq profiles reveals three majdt pepulations: enterocytes, Paneth cells, and
progenitor/stem cells, from mouse enteroids treati#idl LNA-7 or LNA-scr (enterocytes, n=107
cells; Paneth cells, n52; progenitor/stem, n=71). The clusters were assigned based on overlap
with marker genes for every major intestinal epitieell type defined in Haber et al., 2018,
t-SNE plot of single cell RNA-seq data showing egsion level foApoal(top, enterocyte
marker) andCenpa(bottom, progenitor cell markerlC, Heat map displaying average
expression of cell type-specific markers for cellgach cluster from LNA-scr and LNA-7
treated mouse enteroids. Expression is scaledvay Do AverageXiap expression across all
cells from LNA-scr or LNA-7 treated mouse enterofidicox). E, Percentage ofiap+ cells
present in the scRNA-seq data from mouse entetmdted with LNA-scr or LNA-7.F,
Percentage of Xiap+ progenitor/stem cells presetite SCRNA-seq data from mouse enteroids
treated with LNA-scr or LNA-7.G, RT-gPCR data showing suppression of miR-7 (laftgd)

and the upregulation &fIAP (right panel) in human intestinal organoids (HI@spated with
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LNA-7 compared to LNA-scr (n=3 wells per conditioRQV, relative quantitative valued,
Representative images and quantification of whademh staining signal for Xiap (red) and
Hoechst (blue) in mouse enteroids with the indddteatment group@nock, n=99; GDC0152,

n= 69 enteroids)l, Representative bright field images and quantificeof average number of
buds per enteroid with mock treatment (no treatin@nXiap inhibitor treatment (GDC0152)
(mock, n=274; GDCO0152, n=120 enteroids). J, Representative images and quantification of
whole mount staining signal for Xiap (red) and Hastqblue) in the indicated treatment groups.
Data from enteroids across multiple wells were @raih (LNA-scr, n=112 enteroids; LNA-7,
n=41; GDCO0152+LNA-scr, n=18; GDC0152+LNA-7 = 32). K, Representative bright field
images and quantification of the average numbéudt per enteroid after LNA-scr treatment or
LNA-7 treatment with and without GDC0152 (LNA-sork192 enteroidd.NA-7, n=118;
GDCO0152+LNA-scrp=96; GDC0152+LNA-7, n = 44).L, Representative images and
guantification of whole mount staining signal fdi®(red) and Hoechst (blue) in the indicated
treatment groups. Data from enteroids across nheiftyells were examined (LNA-scr, n=92
enteroids; LNA-7, n=45 GDCO0152+LNA-scr, n= 58 GDC0152+LNA-7 = 62). * P <0.05, ** P

< 0.01 and ** P < 0.001 by two-tailed Studenttest.

Figure 6. MiR-7 control of enteroid budding depends on Egfr signaling. A, RT-qPCR data
showingEgfr expression in mouse enteroids treated with co@egmer inhibitor (n=2) or Egfr
Gapmer inhibitor (n=2) on Day 3B, Quantification of the average number of buds péereid
treated with mock (no treatment), Gapmer ControGapmer Egfr (Mock, n=194; Gapmer

Control, n=88; Gapmer Egfr, n = 149 enteroids). C, Representative bright field images of mouse

enteroids with treatment of Gapmer Control and Gapagfr. D, Quantification of the average
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number of buds per mouse enteroid in the indicasatments (LNA-7, n=55; LNA-7 + Gapmer
control, n=53; LNA-7 + Egfr Gapmer, n=27 enteroidg) Representative images showing
whole mount staining of EdU (toped), Hoechst (top; blue), and bright field (bottom) in mouse
enteroids with the indicated treatmenks.Quantification of the average number of buds per
mouse enteroid in the indicated treatments (LNA4ss065; LNA-7, n=182; LNA-scr +
Gapmer Egfr, n=91; LNA-7 + Gapmer Egfr, n=148 eoitds). G, Percentage d?rox1+
progenitor/stem cells present in the sScRNA-seq fitata mouse enteroids treated with LNA-scr
or LNA-7. H, Percentage dfhgat+ progenitor/stem cells present in the ScCRNA-sdq ttam
mouse enteroids treated with LNA-scr or LNA{7.Representative images of Prox1+ cells
(green) and quantification of Prox1+ cells per neoesteroid established from Prox1-EGFP
reporter mice in the indicated treatments (moclBM+NA-scr, n=46; LNA-7, n=26 enteroids).
J, Representative images of Chga+ cells (red) aaatgication of Chga+ cells per mouse
enteroid in the indicated treatments (mock, n=36Atscr, n=92; LNA-7, n=113 enteroids
pooled from two independent experimentk). The proposed partial working model of miR-7
control of intestinal epithelial proliferation. *€0.05, ** P < 0.01 and *** P < 0.001 by two-

tailed Student’s t-test.
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Table 1. Smal RNA-seq profiling followed by enrichment analysis of miRNAsin stem/EEC
progenitors (Sox9-Low, n=3) and in mature EECs (Sox9-High, n=3) relative to unsorted
intestina epithelia cells (n=2). Only miRNAs that have an average reads per million mapped to
MiRNAs (RPMMM) > 100 in either Sox9-Low or Sox9-High and have less than a 2-fold

enrichment in Sox9-Sublow (transit-amplifying cells) and Sox9-Negative (enterocytes) are

ClassA ClassB ClassC
miRNAsenriched in miRNAsenriched in miRNAsenriched in both mature
mature EEC (Sox9-High)| progenitor EEC (Sox9-L ow) and progenitor EECs
miR-139-3p miR-181c-3p let-7e-5p
miR-182-5p miR-181d-5p miR-1224-5p
miR-182-5p + 1 miR-125a-5p
miR-183-5p miR-132-3p
miR-183-5p + 1 miR-184-3p
miR-328-3p miR-375-3p
miR-672-5p miR-375-3p - 1
miR-744-5p miR-375-3p + 1
miR-375-3p + 2
miR-7a-2-3p
miR-7b-5p
miR-7b-5p + 1
miR-92b-3p
miR-99b-5p

shown.



Table 2. Small RNA-seq analysis showing differentially expressed miRNAs (adjusted P < 0.05)

in mouse enteroids treated with LNA-7 (n = 6) relative to LNA-scr (n = 5).

mMiRNA log2FoldChange p-adjusted
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 + 1 -1.050094118 1.02E-04
mmu-mir-192-5p_+ 2 0.309404578 2.82E-04
mmu-mir-98-5p -0.509809453 4.18E-04
mmu-let-7i-5p -0.402567428 0.001535664
mmu-mir-30d-5p 0.317770352 0.004397959
mmu-mir-26a-2-5p 0.149129242 0.004685784
mmu-mir-26a-1-5p 0.149100629 0.004685784
mmu-mir-203-3p_+ 1 0.592648674 0.009726977
mmu-mir-30e-3p 0.276607739 0.010577384
mmu-mir-192-5p_+ 1 0.204704048 0.010887894
mmu-mir-192-5p 0.206058351 0.01488005
mmu-let-7g-5p -0.48204363 0.035030773
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