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SUMMARY
Stem cells can undergo continuous self-renewal andmeanwhile retain the stemness capability to differentiate to mature functional cells.

However, it is unclear whether the proliferation property can be segregated from the stemness in stem cells. The intestinal epithelium

undergoes fast renewal, and the Lgr5+ intestinal stem cells (ISCs) are essential tomaintain homeostasis. Here, we report thatmethyltrans-

ferase-like 3 (Mettl3), a critical enzyme for N6-methyladenosine (m6A) methylation, is required for ISCs maintenance as its deletion re-

sults in fast loss of stemnessmarkers but has no effect on cell proliferation.We further identify fourm6A-modified transcriptional factors,

whose ectopic expression can restore stemness gene expression in Mettl3�/� organoids, while their silencing leads to stemness loss. In

addition, transcriptomic profiling analysis discerns 23 genes that can be segregated from the genes responsible for cell proliferation.

Together, these data reveal that m6A modification sustains ISC stemness, which can be uncoupled from cell proliferation.
INTRODUCTION

Stem cells have the abilities to continuously self-renew

themselves and to differentiate to mature functional cells

under certain conditions (Cai et al., 2004; Ivanova et al.,

2002; Post and Clevers, 2019; Ramalho-Santos et al.,

2002). However, it is unclear whether the proliferation

property can be segregated from the stemness at themolec-

ular level. The intestinal epithelium undergoes fast

renewal, and the Lgr5-GFP-marked intestinal stem cells

(ISCs) are essential to maintain the intestinal epithelium

homeostasis by refreshing themselves and simultaneously

supplying progenitors that divide andmigrate up to the vil-

lus as they mature into absorptive or secretory epithelial

cells, while a subset of progenitor cells undergo differentia-

tion into Paneth cells residingwith stem cells at the bottom

of the crypts (Barker, 2014; Clevers, 2013; Qi and Chen,

2015). The Lgr5+ ISCs are a great model for investigation

of tissue stem cells (Clevers, 2013). By comparing mRNAs

of Lgr5+ ISCs and their daughters, 384 stem cell signature

genes were identified, which contain many genes associ-

ated with proliferation (Munoz et al., 2012).

m6A methylation, the most abundant modification in

eukaryotic mRNAs, regulates a variety of biological pro-

cesses (He and He, 2021; Zaccara et al., 2019). m6A modifi-

cation is catalyzed by amulticomponentmethyltransferase

complex, called ‘‘writer,’’ consisting of the methyltransfer-

ase-like 3 (METTL3), methyltransferase-like 14, Wilms’ tu-

mor 1-associating protein, vir-like m6A methyltransferase

associated , and RNA binding motif protein 15 (Deng

et al., 2018; Zaccara et al., 2019). This modification is dy-

namic and reversible and can be removed by demethylases
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(erasers) such as FTO andALKBH5.m6A-modified RNAs are

recognized by a variety of proteins (readers), which regulate

RNA stability, splicing, nuclear export, or translation (Deng

et al., 2018; Zaccara et al., 2019). Furthermore, m6A modi-

fication can regulate transcription (Shi et al., 2019; Wang

et al., 2014a, 2014b).

m6A RNAmethylation and its associatedmethyltransfer-

ase METTL3 have been shown tomodulate stem cell differ-

entiation, tissue development, and tumor progression.

m6ARNAmethylation is required for differentiation of em-

bryonic stem cells and neural stem cells (Batista et al., 2014;

Cao et al., 2020; Geula et al., 2015; Yoon et al., 2017), while

m6A modification has also been shown to be crucial for

self-renewal of hematopoietic stem cells (Vu et al., 2017;

Weng et al., 2018; Zhang et al., 2017), glioblastoma stem

cells (Cui et al., 2017), and embryonic neural stem cells

(Wang et al., 2018). METTL3 has been shown to promote

the colorectal cancer progression (Li et al., 2019; Shen

et al., 2020; Zhu et al., 2020), and YTH N6-methyladeno-

sine RNA binding protein F1 (YTHDF1) is critical for the

ISC maintenance during regeneration and tumorigenesis

(Han et al., 2020). However, the role of METTL3 in

the maintenance of ISCs during homeostasis remains

unknown.

In this study, we show that METTL3 is required for ISC

maintenance during intestinal epithelium homeostasis,

and its deletion results in impaired stemness but not pro-

liferation. Transcriptomic profiling analysis discerns 23

stemness genes that are specifically expressed in ISCs

and can be segregated from the genes responsible for cell

proliferation. We have further identified four transcrip-

tional factors whose mRNAs undergo METTL3-mediated
thor(s).
ecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Mettl3 deletion disrupts intestinal stem cells but not cell proliferation
(A and B) Representative images and quantification of Lgr5-GFP+ cells in the jejunum of control and Mettl3-KO-GFP mice at 6 dpt (A) or
organoids at 2 or 6 dpt (B). N = 3 mice per group, n = 15 fields per group (A). Data from three independent experiments were combined and
shown (B).
(C) Time-lapse imaging of Lgr5-GFP+ organoid after EtOH or 4-OHT treatment. The organoid boundary was marked with the dotted line; see
also Movie S1.
(D) Lineage tracing of Lgr5+ cells in the jejunum of control (Lgr5-CreERT2;Rosa26loxp-stop-loxp-ZsGreen) and Mettl3DLgr5 (Mettl3fl/fl;Lgr5-
CreERT2;Rosa26loxp-stop-loxp-ZsGreen) mice at 1 or 4 dpt.
(E) GSEA of RNA-seq data from control and Mettl3-KO-GFP mice at 6 dpt.
(F) Venn diagram displaying the overlap between the ISC signature and the downregulated genes in Mettl3-KO-GFP Lgr5+ cells at 6 dpt.
(G) Representative images of KI67+ cells and quantification of crypt length in the control and Mettl3-KO-GFP jejunum at 6 dpt. N = 3 mice
per group, n > 80 crypts per group.
(H) Representative images and quantification of EdU+ cells in organoids at 2 or 6 dpt. IntDen: integrated density. N > 9 organoids per group
from three independent experiments.

(legend continued on next page)
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m6A modification, and their ectopic expression can

restore stemness gene expression in Lgr5+ ISCs.
RESULTS

Mettl3 is required for small intestine maintenance

To examine whether RNAm6Amodification plays a role in

the homeostatic maintenance of the intestinal epithelium,

we first examined the expression pattern of the m6A trans-

ferase Mettl3. Immunohistochemical staining and q-PCR

revealed that Mettl3 was enriched at the base of crypts

(Figures S1A and S1B). To explore the role of Mettl3 in the

intestinal epithelium, we generated inducibleMettl3 condi-

tional knockout (KO) Villin-CreERT2;Mettl3fl/fl (Mettl3-KO)

mice (Figures S1C and S1D). Tamoxifen-induced deletion

of Mettl3 resulted in a rapid-onset body weight loss and

death in �7–11 days (Figures S1E and S1F). Morphologi-

cally, the small intestine of Mettl3-KO mice displayed an

enlarged crypts zone at 6 days post-tamoxifen treatment

(dpt), and the crypt structure disappeared with progressive

shortened villus at 8 dpt (Figure S1G). Consistently, the or-

ganoids derived from Mettl3-KO mouse crypts, upon

4-hydroxytamoxifen (4-OHT)-inducedMettl3 deletion, dis-

played an impaired growth ability, increased dying cells,

and reduced budding (Figures S1H–S1J). These data indi-

cate a critical role ofMettl3 in themaintenance of the intes-

tinal epithelium homeostasis.

Mettl3 deletion leads to loss of intestinal stem cells but

has no effect on cell proliferation

To dissect the function ofMettl3, we crossed Lgr5-EGFP-IRES-

CreERT2 mice with Villin-CreERT2;Mettl3fl/fl mice to obtain

Villin-CreERT2;Lgr5-EGFP-IRES-CreERT2;Mettl3fl/fl (Mettl3-

KO-GFP) mice, which could label stem cells and analyze

the transcriptome of ISCs. To rule out the possible non-spe-

cific effect of tamoxifenonmice or organoids,we treatedVil-

lin-CreERT2;Lgr5-EGFP-IRES-CreERT2 mice with tamoxifen

or Villin-CreERT2;Lgr5-EGFP-IRES-CreERT2-derived organo-

ids with 4-OHT compared with controls, and we found that

tamoxifenand4-OHTdidnot cause anyphenotypic changes

(Figure S2).Mettl3 KO significantly decreased Lgr5-GFP ISCs

in the small intestine at 4 dpt, which was almost undetect-

able at 6 dpt as revealed byfluorescence-activated cell sorting

(FACS) analysis and immunostaining (Figures 1A and S3A).

Similar data were observed in the colon and the organoids

derived from the Mettl3-KO-GFP mice (Figures 1B, S3B, and

S3C). Mettl3 deletion-induced disappearance of Lgr5+ stem
(I) Representative images and quantification showing KI67+ cell pos
group, n = 15 fields per group. Organoids cultured from crypts of Villi
EtOH or 4-OHT (B, C, H). Data represent mean ± SD. ***p < 0.001, unp
10 mm (C), 50 mm (A, B, D, G, H, and I). Nuclei were counter-stained
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cells could be captured in the organoid by time-lapsed

confocal microscopy (Figures 1C and S3D and Movie S1).

The ISC marker OLFM4 was no longer detected at the crypt

base of KOmice at 8 dpt (Figure S3E). In line with it, lineage

tracing revealed thatMettl3 deletion resulted in reduction of

Lgr5+ cells (Figures 1D and S3F). These data indicate that

Mettl3 plays a critical role in stem cell maintenance.

RNA-seq analysis revealed thatMettl3 deletion resulted in

reduced expression of most of the stem cell signature genes

(Munoz et al., 2012) in ISCs from Mettl3-KO-GFP mice,

including Lgr5, Olfm4, Ascl2, and Smoc2 (Figures 1E, 1F,

and S3G), which were confirmed by q-PCR (Figure S3H).

Interestingly, we found thatMettl3 deletion did not disrupt

cell proliferation (Figures 1G–1I, S3I, and S3J). In fact, the

longer crypts with more proliferative cells were detected

in Mettl3-KO-GFP mice, and consistently, more crypt

epithelial cells and Lgr5+ ISCs were detected in the G2/M

and S phase (Figure S3K). We also detected cell death at

the base of crypt in KO-4d and KO-6d mice (Figure S3L).

Cell differentiation was slightly affected by Mettl3 KO as

goblet cells, enteroendocrine cells, and Paneth cells were

transiently increased at 6 dpt, but all intestinal cell types

reduced at 8 dpt (Figures S4A and S4B), which was consis-

tent with higher expression of the differentiation genes

in the KO-4d Lgr5+ cells (Figures S4C and S4D). Taken

together, these results indicate thatMettl3 deletion deterio-

rates the ISC stemness but not cell proliferation.

To uncover the role ofMettl3 in ISCs, we generated a stem

cell-specific Mettl3 KO mouse, Lgr5-EGFP-IRES-CreERT2;-

Mettl3fl/fl (Mettl3-Lgr5-KO). As expected, the expression of

stem cell signature genes, including Lgr5 and Olfm4, was

decreased in Mettl3-Lgr5-KO ISCs (Figure 2A). Similar to

the results in Mettl3-KO-GFP mice, a significant decrease

of Lgr5+ ISCs was detected in Mettl3-Lgr5-KO mice at 26

dpt (Figures 2B and 2C). KI67+ cells were observed in

Mettl3-Lgr5-KO mice at 15 dpt, and differentiated cells re-

mained similar (Figure 2D). To test the self-renewal ability

of Lgr5+ ISCs in vitro (Sato et al., 2009), we seeded with an

equal number of single Lgr5+ ISCs and inducedMettl3 dele-

tion by 4-OHT at the seeding time. Fewer organoids with

Mettl3 KO indicated that the colony forming potential

was compromised in Mettl3-KO ISCs (Figure 2E).
Mettl3 deletion downregulates the stem cell signature

genes

To monitor the cell lineage alteration upon Mettl3 dele-

tion, we performed single-cell RNA-seq of small intestinal
ition in control and Mettl3-KO-GFP crypts at 6 dpt. N = 3 mice per
n-CreERT2;Lgr5-EGFP-IRES-CreERT2;Mettl3fl/fl mice were treated with
aired two-tailed t test (A, G), two-way ANOVA (B, H, I). Scale bars:
with DAPI. See also Figures S1–S4 and Table S1.



Figure 2. Mettl3 is essential for the stemness maintenance in Lgr5+ intestinal stem cells
(A) q-PCR analysis ofMettl3, the ISCs marker genes (Lgr5, Ascl2, Olfm4, Axin2), and the proliferation marker gene Ki67 in FACS-sorted Lgr5-
GFP+ cells from control and Mettl3-Lgr5-KO mice at 13 dpt. N = 3 mice per group.
(B) Quantitation of Lgr5-GFP+ cells in control and Mettl3-Lgr5-KO mice at the indicated time. N = 3 mice per group.
(C) Representative immunofluorescence images and quantification of Lgr5-GFP in the jejunum of control and Mettl3-Lgr5-KO mice at the
indicated time. N = 3 mice per group, n = 9–15 fields per group.
(D) Representative immunofluorescence images and quantification of KI67 staining, MUC2 staining, CHGA staining, and LYZ staining in
the jejunum of control and Mettl3-Lgr5-KO mice at the indicated time. N = 3 mice per group, n = 9–15 fields per group.
(E) Representative images (top) and quantification (bottom) of intestinal organoids cultured from sorted Lgr5-GFP+ cells derived from
Villin-CreERT2;Lgr5-EGFP-IRES-CreERT2;Mettl3fl/fl mice after being treated with EtOH or 4-OHT for 5 days. The numbers of seeded cells were
10,000 and 20,000. Data from three independent experiments were combined and are shown. All the data represent mean ± SD.
***p < 0.001, **p < 0.01, *p < 0.05, two-way ANOVA (A, B, E), one-way ANOVA (C, D). Scale bars: 50 mm (C, D), 100 mm (E). Nuclei were
counter-stained with DAPI. See also Table S2.
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Figure 3. Mettl3 deletion results in downregulation of the stem cell signature genes
(A) Dot plot depicting the relative frequency of stem cells, TA cells, and progenitor cells in control and Mettl3-KO-GFP mice at 4 dpt,
revealed by scRNA-seq.

(legend continued on next page)
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epithelial cells from control and Mettl3-KO-GFP mice at 4

dpt. Quality control selected 7,865 cells (4,467 control

cells and 3,398 KO cells) for further analysis. By unsuper-

vised clustering combined with cell-known marker genes,

we identified distinct clusters, including stem cells (Lgr5,

Olfm4, and Ascl2), transient amplifying (TA) cells (Ki67,

Tubb5, and Birc5), goblet cells (Tff3, Agr2, and Muc2), Pan-

eth cells (Lyz1, Ang4, and Mptx2), enteroendocrine cells

(Chga, Chgb, and Sct), enterocytes (Apoa1, Fabp1, and

Fabp2), tuft cells (Dclk1, Gfi1b, and Rgsl3), and progenitors

(Figures S5A–S5C). Comparison of the abundance of each

cell type unveiled a decrease of ISCs and an increase of

goblet progenitor cells in the KO-4d epithelium

(Figures 3A and S5D), consistent with a transient increase

of goblet cells in KO-6d (Figures S4A and S4B). In line

with it, Mettl3 deletion reduced the expression of stem

cell signature genes but elevated proliferation gene levels

in ISCs (Figures 3B–3D) and resulted in more stem cells

in the G2/M phase (Figure 3E). To deduce the dynamic

change of gene expression, we used the PAGA Tree

(Dyno) and DDRTree (Monocle 2) to derive pseudotime

trajectories, designating high expression of ISC markers

as the start point and mature lineage as the end

(Figures 3F and S5E). Stem cell signature genes, like

Ascl2, Axin2, Smoc2, and Lgr5, declined along the pseudo-

time, while the proliferation genes Ki67, Pcna, Birc5, and

Top2a increased gradually in KO stem cells (Figures 3F

and S5F). Differentiation genes were enriched in Mettl3-

KO cells (Figure 3G). These results together suggest that

Mettl3 deficiency disrupts the stemness program in ISCs.

Stem cells have been defined to have the capacity to

renew themselves and the ability to generate differentiated

daughter cells (Ivanova et al., 2002; Post and Clevers, 2019;

Ramalho-Santos et al., 2002). Great efforts have been taken

to search for the genes responsible for these stem cell prop-

erties, but these kinds of genes are still elusive (Post and

Clevers, 2019; Vogel, 2003). The above data showed that

Mettl3 KO reduced the expression of the stem cell markers,
(B) Violin plots showing the metagene expression levels per single ce
cells and TA cells of control and Mettl3-KO-GFP mice at 4 dpt reveale
(C) Expression heatmap of the stem cell signature genes and prolifer
Mettl3-KO-GFP mice.
(D) Expression of the stem cell marker genes (Lgr5, Olfm4), the prolifer
genes (Apoa1, Lyz1, Muc2, Chga) in intestinal epithelium from contro
red indicates relative expression levels from low to high.
(E) Dot plot depicts the relative percent of the cells in the G1, G2/M
(F) Pseudotime analysis of stem cells, TA cells, and progenitor cells in
The expression of stem cell markers (Ascl2, Axin2, Smoc2, and Lgr5) an
and TA cells of Mettl3-KO-GFP mice was plotted along the pseudotim
(G) Heatmap showing the transcription trends of marker genes of stem
scale represents Z score normalized expression levels. The pseudotime l
cluster as the starting point. See also Figure S5.
but not proliferation genes, suggesting that the program to

maintain stemness could be uncoupled from proliferation.

By comparing their expression in Lgr5+ ISCs and their

daughter cells, 384 genes enriched in Lgr5+ ISCs were

together defined as Lgr5+ ISC signature genes (Munoz

et al., 2012), but some of these genes are associated with

proliferation. To separate the stemness genes from the pro-

liferation genes, we characterized the differentially ex-

pressed genes in stem cells and TA cells from control or

Mettl3-KO-GFP mice at single-cell level and found that

these genes could be divided into three groups: the ISC

signature genes (Munoz et al., 2012) and genes involved

in proliferation (Tirosh et al., 2016) and regeneration (Liu

and Chen, 2020; Wang et al., 2019) (Figure 4A). The ISC

signature genes, such as Lgr5, Olfm4, Cdca7, and Gkn3,

were downregulated inMettl3-KO stem cells, while the pro-

liferation genes did not changemuch in stem cells. Some of

the ISC signature genes were found in TA cells as they may

be related to cell proliferation, like Cenpf (Munoz et al.,

2012). The regeneration genes were elevated in KO cells,

probably due to the cell state associated with death-

induced stress (Li et al., 2010). To better define the genes

associated with stemness and exclude the ones related to

proliferation, we analyzed the stem cell signature genes

in our bulk RNA-seq and single-cell RNA sequencing

(scRNA-seq) as well as the data from Gu et al. (Gu et al.,

2021), and we found that 23 genes, including the previ-

ously described ISC-specific genes Lgr5, Ascl2, and Olfm4,

were highly enriched in Lgr5high cells, and most of them

decreased in Lgr5low cells and Mettl3-KO stem cells

(Figures 4B–4E), suggesting that these 23 genes could be

defined as the stemness genes to mark ISCs.

To explore the signaling events and/or factors that regu-

late the ISC stemness, we compared the differentially

expressed genes in Lgr5+ ISCs from control and Mettl3-

KO-GFPmice at different time points post-tamoxifen injec-

tion (Figure S5G). Mettl3 KO led to a decreased expression

of the genes involved in Wnt and Notch signaling
ll of the stem cell signature genes and proliferation genes in stem
d by scRNA-seq.
ation genes in stem cells (left) and TA cells (right) in control and

ation marker genes (Ki67, Birc5), and the differentiation cell marker
l and Mettl3-KO-GFP mice were plotted by UMAP. Color from gray to

, and S phase in control and Mettl3-KO-GFP mice.
control and Mettl3-KO-GFP mice at 4 dpt based on scRNA-seq (left).
d proliferation markers (Birc5, Top2a, Ki67, and Pcna) in stem cells
e axis (right).
cells, TA cells, and differentiated cells along the pseudotime. Color
ine contains all control andMettl3-KO-GFP cells with the control cell
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(Figures 4F and S5H), consistent with the critical role of

these two signaling pathways in ISCmaintenance (Clevers,

2013; Qi and Chen, 2015; Zhu et al., 2021). Most of the

stemness genes were further downregulated in Mettl3-KO

ISCs at later time points (Figure 4D), while the genes related

to cell death, P53, MAPK, YAP, regeneration, and fetal

signature genes were upregulated (Figures 4F and S5H).

These changes indicate that Mettl3 deletion leads to loss

of stemness but not proliferation and enhanced regenera-

tion and cell death.

ASCL2, KLF9, FOSB, and PURB collaborate to regulate

stemness gene expression

To identify potential targets regulated by METTL3-medi-

ated m6A modification, we performed methylated RNA

immunoprecipitation (MeRIP)-seq in Lgr5high ISCs and

found that 2,074 transcripts showed a reduced m6A modi-

fication in Lgr5high ISCs fromMettl3-KO-GFP mice. Most of

the targets contained the common m6A motif ‘‘RRACH

(GGACU)’’ in the protein-coding region and 30 UTR, espe-

cially enriched near the stop codon (Figures S6A–S6C). In

the 2,074 transcripts, 831 were downregulated (clusters 3

and 5) in Mettl3-KO ISCs, and among the 293 with more

than 2-fold decrease in expression, 66 were transcriptional

factors (TFs) (Figures 5A, 5B, and S6D). Interestingly, the

genes in cluster 5 reduced in Mettl3-KO Lgr5+ ISCs at 3

dpt were also involved in transcription regulation (Fig-

ure 5C). To identify the TFs responsible for the impaired

stemness, we focused on the TFs that are m6A modified

and downregulated at early time points upon Mettl3 dele-

tion. By the combinatory analysis of bulk RNA-seq and

MeRIP-seq data and q-PCR confirmation, we sifted out 10

TFs (Figures 5D–5F).

Among them, Ascl2, Klf9, Fosb, and Purb (AKFP) are the

top TFs that might regulate the expression of the 384 ISC

signature genes (Munoz et al., 2012) and the 23 stemness

genes. Consistently, prediction of the binding sites of

AKFP in the genome with JASPAR, TRANFAC, and

HOMER revealed more than 4,000 possible target genes

that are mainly enriched for stem cell signature

genes and Wnt and Notch signaling (Figures S6E–S6G).
Figure 4. Identification of the stemness genes via bulk RNA-seq
(A) Heatmap of differentially expressed genes in stem cells and TA ce
(B) RNA-seq analysis of the relative expression of genes, which were
(C) scRNA-seq analysis showing the gene expression level (color scal
intestinal epithelium. All of these genes were sifted out of the gene lis
(left) and published ileum scRNA-seq data (right).
(D) Expression heatmap of the filtered 23 stemness genes in Lgr5+ ISCs
RNA-seq.
(E) Violin plots showing the expression of the 23 stemness genes in
(F) Expression heatmap of different pathway genes in Lgr5+ ISCs of co
seq. See also Figure S5.
To further address whether METTL3-mediated m6A bind-

ing sites of 30 UTR are required for RNA stability modula-

tion, we analyzed the m6Amodification sequence through

MeRIP-seq (Figure 5G), performed the AKFP 30 UTR-re-

porter luciferase assay and found that Mettl3 KO decreased

the activity of the luciferase construct containing 30 UTR

(Figure 5H). Mutation of all these sites (A to T) rendered

resistance to the effect of Mettl3 KO. Therefore, METTL3

regulates the stability of these TF transcripts dependent

on its m6A methyltransferase activity.

Todeterminewhether theseTFs are thekey factors control-

ling ISC stemness,weperformed rescue experiments inorga-

noids derived from the crypts of Mettl3-KO-GFP mice by

ectopically expressingAKFP and knockout assay in the orga-

noids derived from the crypts of Rosa26loxp-stop-loxp-Cas9-EGFP

mice. As shown in Figures 6A–6D, expression of AKF (Ascl2,

Klf9, and Fosb) and AKFP was able to restore Lgr5+ ISCs and

budding number of Mettl3-KO-GFP organoids. Conversely,

AKFP-KO organoids resulted in reduced cell survival rate,

downregulated ISC signature genes, and subsequent cell

death (Figures 6E–6G). Transcriptome profile analysis re-

vealed that only AKFP could better rescue some of the 23

stemness genes (Figure 6H). In contrast, ectopic expression

of individual factors only partially restoredmorphology, sur-

vival rate, budding, and Lgr5+ ISCnumber inMettl3-KO-GFP

organoids (Figures S6H–S6J). Furthermore,AKFP-KOorgano-

ids exhibited decreased 23 stemness genes expression (Fig-

ure 6I). These results suggest that AKFP, but not any single

one, can restore Lgr5+ ISCs to a certain extent.

We further predicted the possible downstream target

genes of these TFs and found that the stem cell signature

genes were enriched (Figures 6J and S6K). In agreement

with it, based on the binding motif of FOSB (Figure S6L),

FOSB bound to around 36% of predicated stem cell signa-

ture genes as showed by ChIP-seq (Figure S6M), for

instance, the stemness genes Lgr5, Edn1, Ascl2, and Rnf43

but not the proliferation genes Ki67 and Birc5 (Figures 6K

andS6N). These binding siteswere correlatedwith the chro-

matin accessibility as shown by assay for transposase-acces-

sible chromatin with sequencing (ATAC-seq) analysis.

These data together indicate that METTL3-mediated m6A
and scRNA-seq analysis
lls of control and Mettl3-KO-GFP mice at 4 dpt based on scRNA-seq.
enriched in Lgr5high cells in control mice.
e) and expressing cells (point diameter) in each cell cluster of the
t (B) showing specific expression in stem cells in our scRNA-seq data

of control and Mettl3-KO-GFP mice at 3, 4, and 6 dpt, based on bulk

stem cells of control and Mettl3-KO-GFP mice.
ntrol and Mettl3-KO-GFP mice at 3, 4, and 6 dpt, based on bulk RNA-
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Figure 5. Identification of transcriptional factors that promote stemness
(A) Distribution of the genes that exhibited different m6A modification and gene expression levels in control or Mettl3-KO-GFP Lgr5high

cells (|log2FC|R1; p < 0.05). The gene number in each category is shown.
(B) The expression of the genes with reduced m6A modification in Mettl3-KO-GFP Lgr5+ cells were divided into five modules according to
their expression dynamics. The change trend in each module is shown in the line chart on the right.
(C) Functional enrichment analysis of the genes whose expression was downregulated at 3 dpt from the module C5 in (B).
(D) Expression of Mettl3, Lgr5, and the 10 TFs (Ascl2, Klf9, Fosb, Purb, Tcf3, Vdr, Jun, Nr3c1, Egr1, Fos) in FACS-sorted Lgr5high cells from
control and Mettl3-Lgr5-KO mice at 4 dpt by q-PCR. N = 3 mice per group.
(E) Expression heatmap of the 10 TF candidates in Lgr5+ ISCs from control and Mettl3-KO-GFP mice, based on bulk RNA-seq.
(F) Integrative Genomics Viewer (IGV) tracks displaying MeRIP-seq reads along the indicated mRNAs in Lgr5high ISCs of control and Mettl3-
KO-GFP mice. Blue reads are from input libraries and red reads from anti-m6A immunoprecipitation libraries. The y axis represents the CPM
(count per million) of genes. The yellow boxes of the tracks depict the positions of m6A peaks.
(G) Representative m6A modification sites at the genomic loci of Ascl2, Klf9, Fosb, and Purb.
(H) Fetal human colon cells (FHC cells) were transfected with WT or MUT 30 UTR luciferase reporter, as well as with control sgRNA or Mettl3
sgRNA, and luciferase activity was determined 48 h later. NC: control. MUT: mutation all sites (A to T). Data from three independent
experiments were combined and are shown. The data represent mean ± SD. ***p < 0.001, **p < 0.01, two-way ANOVA (D and H). See also
Figure S6 and Tables S2–S4.
modification is critical for stabilization of AKFP transcripts,

whose protein products then regulate stemness gene

expression to maintain Lgr5+ ISCs.
DISCUSSION

In this study, we showed that the m6A methyltransferase

Mettl3 is essential for the homeostatic maintenance of
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the small intestinal epithelium. m6A modification has

emerged as a crucial regulation in tissue development and

stem cell fate determination (Batista et al., 2014; Cao

et al., 2020; Geula et al., 2015; Yoon et al., 2017), while

the overall impact of thismodification on stem cells is com-

plex (Cui et al., 2017; Vu et al., 2017; Wang et al., 2018;

Weng et al., 2018; Zhang et al., 2017), due to diversified tar-

gets and different regulations on the targets. Several studies

have reported the regulatory role of m6A modification in



Figure 6. ASCL2, KLF9, FOSB, and PURB collaborate to regulate stemness gene expression
(A) Immunoblots of ASCL2, KLF9, FOSB, and PURB protein expression in organoids derived from the crypts of Villin-CreERT2;Lgr5-EGFP-IRES-
CreERT2;Mettl3fl/fl mice infected with control retrovirus or AKFP-expressed retrovirus at day 5 after EtOH or 4-OHT treatment for 2 days.
TUBULIN, loading control.
(B) Representative morphology and Lgr5+ cells of organoids derived from the crypts of Villin-CreERT2;Lgr5-EGFP-IRES-CreERT2;Mettl3fl/fl

mice, which were infected with retrovirus expressing AKF (Ascl2, Klf9, and Fosb) or AKFP (Ascl2, Klf9, Fosb, and Purb) and then treated with
EtOH or 4-OHT for 2 days and subjected for analysis at day 5.
(C and D) Relative Lgr5+ cell number (C) and budding number (D) of organoid in (A). Data from three independent experiments were
combined and are shown (C). N > 100 organoids per group from three independent experiments (D).
(E) Representative morphology of organoids derived from the crypts of Villin-CreERT2;Rosa26loxp-stop-loxp-Cas9-EGFP mice at indicated times,
which were infected with recombinant AAV to knock out AKFP or control recombinant AAV.
(F) Organoid diameter (left) of control or AKFP-KO organoid at day 3 and survival organoid number (right) at day 4. N > 100 organoids per
group from four independent experiments.
(G) q-PCR shows gene expression of control and AKFP-KO organoids at day 4. Data from four independent experiments were combined and
are shown.
(H and I) Stemness gene expression of AKF and AKFP overexpression organoids in (A) and AKFP-KO organoids in (E).
(J) Function characteristics distribution of all the predicted target genes of KLF9, ASCL2, FOSB, and PURB.
(K) ChIP-seq and ATAC-seq tracks of Fosb binding to the stem cell signature genes Lgr5, Rnf43, Edn1, Ascl2. The data represent mean ± SD.
***p < 0.001, **p < 0.01, two-way ANOVA (C, D, and G), unpaired two-tailed t test (F). Scale bar: 100 mm (A, E). AKF: Ascl2, Klf9, and Fosb;
AKFP: Ascl2, Klf9, Fosb, and Purb. See also Figure S6 and Table S2.
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the intestinal epithelium: METTL3-mediated m6A modifi-

cation has been shown to promote colorectal cancer

development by activating glycolysis (Shen et al., 2020),

stabilizing SOX2 mRNA (Li et al., 2019) or CCNE2 mRNA

(Zhu et al., 2020); the m6A reader YTHDF1 mediates

Wnt-driven ISC maintenance during regeneration and

tumorigenesis by enhancing the translation of TCF7L2

(Han et al., 2020). Here, we demonstrate that conditional

KO of Mettl3 in the intestinal epithelium results in rapid

loss of Lgr5+ ISCs, enhanced cell death, and mild effects

on differentiation, but it has no influence on proliferation.

Loss of Lgr5+ ISCs is very likely due to loss of their stem cell

identity and accelerated cell death.

Stem cells are capable of proliferation, self-maintenance,

and differentiation toward mature cells. At the time point

when the stemness markers in ISCs disappear upon Mettl3

KOorMettl3 Lgr5-KO, the proliferation genes still remain in

both Mettl3-deficient ISCs and TA cells. Owing to the low

labeling efficiency of Lgr5-EGFP-IRES-CreERT2 mice

(Barker, 2014; Sato et al., 2009), no significant change of

differentiation genes was observed in Mettl3-Lgr5-KO

mice, which is different from the phenotype of Mettl3-KO

mice. However, we did observe the impaired stemness

phenotype in the GFP-labeling cells, which co-expressed

CreERT2, and as a result, Mettl3 was deleted in these cells

upon tamoxifen treatment. Our sc-RNA-seq analysis also

showed that Mettl3 deletion reduced the expression of

stem cell signature genes but elevated expression of the

genes related to proliferation and differentiation in the

ISCs cluster. Previous studies have attempted to determine

the stemness signature for embryonic stem cells and adult

stem cells by comparison of transcriptional profiling be-

tween stem cells and differentiated cells (Cai et al., 2004;

Ivanova et al., 2002; Munoz et al., 2012; Ramalho-Santos

et al., 2002). However, those stem cell signatures contain

many genes related to cell proliferation. We show here

that the program to control stemness gene expression

can be uncoupled from the one to regulate proliferation.

Furthermore, we identified four TFs (Ascl2, Klf9, Fosb, and

Purb), whose mRNA is stabilized by METTL3-mediated m6A

modification. m6A generally promotes mRNA degradation

(Shi et al., 2019; Wang et al., 2014a, 2014b), but we found

that loss of m6A modification was correlated with reduced

levels of these TF transcripts. How m6A stabilizes mRNA is

unclear: it could be due to inappropriate splicing, as being

proposed that m6A modification can regulate gene expres-

sion by affecting alternative splicing (Xu et al., 2017). These

four TFs control the expression of stemness genes but not

proliferation genes in ISCs. Furthermore, AKFP-overexpress-

ing organoids could maintain Lgr5-GFP+ cells number but

did not suppress cell death; it is most likely that the m6A-

modified death genes are not regulated by AKFP. It would

be worthwhile to explore the mechanism underlying the
1206 Stem Cell Reports j Vol. 18 j 1196–1210 j May 9, 2023
m6A disruption-triggered cell death in the future. Our find-

ings that the stemness program can be uncoupled from the

proliferation program in ISCs also imply that similar mech-

anisms may also exist in other types of stem cells.
EXPERIMENTAL PROCEDURES

Resource availability

Corresponding author

Ye-Guang Chen (ygchen@tsinghua.edu.cn).

Material availability

All reagents generated in this study are available from the corre-

sponding author.

Mice
Lgr5-EGFP-IRES-CreERT2mice were obtained from the Jackson Lab-

oratory. Villin-CreERT2 mice were obtained from Dr. Sylvie Robine

(Institute Curie-CNRS, Paris), Mettl3fl/fl mice from Dr. Wei Li (Insti-

tute of Zoology, CAS), Lgr5-CreERT2 and Rosa26loxp-stop-loxp-ZsGreen

mice fromDr. Xiao-DongWang (National Institute of Biological Sci-

ences, Beijing), and Rosa26loxp-stop-loxp-Cas9-EGFPmice fromDr. Jianwei

Wang (Tsinghua University). All mice were performed as previously

described (Qi et al., 2017). For Mettl3-KO, Mettl3fl/fl mice were

crossed with Villin-CreERT2 mice. The Vil-CreERT2;Mettl3fl/fl mice

and littermate mice (Mettl3fl/fl) were intraperitoneally injected

with four consecutive daily doses of 20 mg/mL tamoxifen (TAM)

(Sigma, T5648-5G) in sunflower oil. To monitor the Lgr5-GFP+

ISCs, the littermate mice, whose genotypes were Villin-

CreERT2;Lgr5-EGFP-IRES-CreERT2;Mettl3fl/fl, were treated with

oil or tamoxifen, as control and Mettl3-KO-GFP, respectively.

For Mettl3-Lgr5-KO, the littermate mice, whose genotypes were

Lgr5-EGFP-IRES-CreERT2;Mettl3w/w or Lgr5-EGFP-IRES-CreERT2;

Mettl3fl/fl, were injected with tamoxifen for 5 days, as control and

Mettl3-Lgr5-KO, respectively. For lineage tracing, control (Lgr5-

CreERT2;Rosa26loxp-stop-loxp-ZsGreen) mice and Mettl3DLgr5 (Mettl3fl/fl;

Lgr5-CreERT2;Rosa26loxp-stop-loxp-ZsGreen) mice were intraperitoneally

injected with a single dose of 20 mg/mL TAM. The animals used

in this study are summarized inTable S1.All animal studieswereper-

formed in accordance with the relevant guidelines and under the

approval of the Institutional Animal Care and Use Committee of

Tsinghua University.

Intestinal crypt and Lgr5+ ISC isolation and organoids culture

Intestinal crypts were isolated and cultured as previously described

(Qi et al., 2017). Briefly, the enriched intestinal crypts were isolated

and embedded in Matrigel and seeded on plate. The ENR medium

(advanced DMEM/F12 supplemented with penicillin/strepto-

mycin, GlutaMAX, N2, B27, and N-acetylcysteine containing

50 ng/mL EGF, 100 ng/mL Noggin, and 500 ng/mL R-spondin1)

was added and refreshed every 2 days.

To purify single Lgr5+ cells, isolated intestinal crypts were treated

with TrypLE (Gibco, 12604021). After passing through a 40-mm

cell strainer (BD, 352340), staining with propidium iodide (Sigma,

P4170), Lgr5+ cells were sorted using MoFlo Astrios EQ (BeckMan).

Lgr5+ cellswere embedded inMatrigel and seededon a 48-well plate.

The cells were cultured with expansionmedium (ENRmedium plus

6.67 mM blebbistatin, 2.5 mMCHIR-99021, 10%Wnt3a conditional

medium) plus 1 mM Jagged1 (Zhang et al., 2020).

mailto:ygchen@tsinghua.edu.cn


Virus production and organoid infection

Retrovirus and recombinant adeno-associated virus (AAV) were

produced as previously described (Koo et al., 2011; Li et al.,

2021). Before virus infection, organoids were cultured with the

expansion medium plus 10 mM nicotinamide for 2 days. Then,

the organoids were digested with TrypLE (Gibco, 12604021) and

re-suspended with the expansion medium plus 10 mg/mL poly-

brene (Macgene, MC032) containing virus. We added 250 mL of

expansion medium plus polybrene containing cells and virus on

the pre-solidified Matrigel and incubated overnight at 37�C. The
next day, we removed the medium and washed the virus with

warm PBS. Then, we overlaid 10 mLMatrigel and cultured the orga-

noids with expansion medium.

For retrovirus infection, we changed the medium with ENR plus

2 mg/mL puromycin 2 days post-infection. After the organoids

grew normally under the puromycin selection, protein expression

was inducedwith 4-OHT (0.5 mM, Sigma, H7904). For recombinant

AAV, Villin-CreERT2;Rosa26loxp-stop-loxp-Cas9-EGFP organoids were pre-

treated with 4-OHT to induce Cas9 expression.

Immunoblotting
Cells were lysed in RIPA buffer (Beyotime, P0013B) with protease

inhibitors (Roche, 04693132001) and PMSF (Beyotime, ST506). Af-

ter quantification using a BCA protein assay kit (Beyotime,

P0012S), 40 mg of total protein was separated with 7.5% SDS-

PAGE under denaturing conditions andwas transferred to nitrocel-

lulose membranes (PALL, 66485). The membranes were blocked

and then incubated with the primary antibody overnight at 4�C,
followed by incubation with anti-rabbit or anti-mouse conjugated

antibodies. Antibodies are listed in the supplemental experimental

procedures.

Immunofluorescence and histological staining
Immunofluorescence and histological staining were performed as

previously described (Qi et al., 2017). H&E staining was performed

according to the manufacturer instructions (Beyotime, C0205S).

Briefly, the sections were dewaxed by conventional procedures

and stained with hematoxylin for 2 min and eosin for 20 s. Alcian

blue stainingwas used to detect goblet cells, and slideswere stained

with Alcian blue for 15 min and nuclear fast red for 1 min (Baso,

BA4087B). All sections were visualized with a confocal microscope

(Olympus, FV3000) or a slide scanning system (Jiang Feng, KF-

PRO-120).

Terminal deoxynucleotidyl transferase-mediated dUTP nick end

labeling assay

Paraformaldehyde-fixed paraffin-embedded tissues were subjected

to cell death assessment using the In Situ Cell Death detection kit

(Roche, 11684795910).

Organoid time-lapse imaging
To mark the cell membrane, 1.25 mg/mL CellMask Orange Plasma

Membrane Stain (Thermo Fisher Scientific, C10045) was added to

themedium12h before imaging.Confocal time-lapse imagingwas

performed with Nikon AX R Confocal Microscope System by reso-

nant scanner and Nikon NIS-Elements Denoise.ai software.

Different organoids were selected and imaged every 1 h from day

4.5 to day 6.5. A volume of 200–300 mm was gained every 3 mm

along the z axis. To exclude autofluorescence of dead cells, only or-

ganoids containing clear buds were selected to build surfaces for

statistics. Surfaces at different times marking Lgr5-GFP signals,
value of fluorescence intensity, and surface volumewere computed

automatically by the Imaris software at the same parameters. The

average fluorescence intensity value was calculated as the total

fluorescence intensity at each time point divided by the surface

volume at the starting point.

BrdU and EdU labeling

Mice were given a single intraperitoneal injection of 100 mL BrdU

(BD Pharmingen BrdU Flow Kits, BD, 552598) 2 or 24 h before in-

testine isolation. BrdU staining was performed with the BrdU flow

kit (BD Pharmingen). For cell cycle analysis, the epithelium was

stained with EpCam-PE, BrdU-APC, and 7-AAD 2 h later after a sin-

gle intraperitoneal injection of BrdU. Cell cycle was analyzed by

FACS. EdU labeling was performed by following the manufac-

turer’s instruction (Click-iT EdU Imaging Kit, Invitrogen, C10339).

RNA extraction and quantitative RT-PCR (q-PCR)
Total RNA fromtissue or sorted cellswas extractedwithRNeasyMini

Kit (QIAGEN, 74104) or TRIzol Reagent (Thermo Fisher Scientific,

15596026), respectively. RNAwas reverse-transcribed into cDNAus-

ing ReverTra Ace-a kit (TOYOBO, FSK-101). q-PCR was carried out

with NovoStart SYBR qPCR Super-Mix Plus (Novoprotein, E096-

01A) on LightCycle 480II PCR system (Roche). All primer sequences

are shown in Table S2 and were purchased from Sangon Biotech.

RNA-seq
Total RNA was extracted with RNeasy Mini Kit (QIAGEN) accord-

ing to the manufacturer’s instructions. Bulk RNA-seq was per-

formed using the Illumina Hiseq X Ten and analyzed as previously

described (Pertea et al., 2016).

MeRIP-seq
Total RNA was extracted with RNeasy Mini Kit (QIAGEN, 74104).

mRNA was purified using Dynabeads mRNA Purification kit (Invi-

trogen, 61006). Purified mRNAwas fragmented into �100 nucleo-

tides by RNA Fragmentation Reagents (Ambion, AM8740) and

immunoprecipitationwithm6A antibody (NEB, E1610S), followed

by RNA extraction using RNA clean&concentrator-5 (ZYMO

RESEARCH, 1013). Data analysis is described in the supplemental

experimental procedures in detail.

ATAC-seq

For mini-ATAC-seq, the library was constructed with TruePrep

DNA library Prep Kit V2 for Illumina (Vazyme, TD 202 and

TD502). Subsequently, the library was purified with AMPure XP

beads (Beckman, A63881) and sequenced with Illumina Novaseq

6000. HISAT2 was used to align the sequences to the mouse

genome and generate bam files. After being deprived of PCR dupli-

cates using Picard tools, Deeptools (3.3.1) bamCoverage was used

to generate bigwig files from bam files. MACS2 (v2.2.5) was used

for peak calling and to generate bed files from aligned reads.

scRNA-seq
Single-cell suspensions from the intestinal epithelium of Mettl3-

KO-GFP-4d and control mice were sorted by FACS and re-sus-

pended at a density of 1,000 cells per mL (n = 3 mice per group).

About 8,000 cells were loaded into each reaction. RNA transcripts

from single cells were uniquely barcoded and reverse-transcribed.

scRNA-seq libraries were generated using the Chromium Single

Cell 30 Reagent Ki V3 (103 Genomics). The libraries were

sequenced as paired-end with Illumina Novaseq 6000.

Raw reads were aligned to the GRCm38/mm10 mouse genome,

and Cell Ranger (v3.1.0) was used to estimate unique molecular
Stem Cell Reports j Vol. 18 j 1196–1210 j May 9, 2023 1207



identifiers. Raw aligned features were loaded and processed using

the Seurat package (v4.0.2) in R version 4.0.5. Low-quality cells

were filtered if they expressed no more than 200 genes or with

more than 20% of mitochondrial genes. More bioinformation

analysis is described in the supplemental experimental procedures.

Dual luciferase reporter assay

The 30 UTR fragments of Ascl2, Fosb, Klf9, and Purb containing en-

riched m6A motif (RRACH) and their respective A-to-T mutant

fragments were cloned into pGL3-CMV firefly luciferase vector.

FHCs (fetal human colon cells) were seeded and co-transfected

with pGL3-CMV-WT-30UTR or pGL3-CMV-mut-30UTR, Renilla

luciferase plasmid, and px458-sgNC/Mettl3-1 using Lipo2000 (In-

vitrogen, 11668019). The relative luciferase activity was deter-

mined using theDual-Luciferase Reporter Assay System andMicro-

plate Chemiluminescence Meter (Berthold, LB960) 48 h later. The

sequences are shown in Tables S3 and S4.

Statistical analysis

All experiments were carried out with at least three independent

experiments. Exact numbers of mice, fields, and organoids are

shown in the figure legends. Statistical analysis was performed

with Graphpad Prism v8.0. All data shown in graphs represent

mean ± SD as indicated in the figure legends. Unpaired two-tailed

t test, one-way ANOVA, two-way ANOVA, and Log rank test were

used to compare differences, as indicated in the figure legends.

Data and code availability

The RNA-seq data, scRNA-seq data, MeRIP-seq data, ATAC-seq

data, and ChIP-seq data generated in this study are publicly avail-

able through the Gene Expression Omnibus (GEO) with the acces-

sion code GSE186917. The scRNA-seq data GSE148693 was used to

confirm the 23 stem genes (Gu et al., 2021). All codes that enable

the main steps of the analysis and data are available from the cor-

responding author under request.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2023.03.007.
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