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BACKGROUND & AIMS: Notch signaling maintains intestinal
stem cells (ISCs). When ISCs exit the niche, Notch signaling among
early progenitor cells at position þ4/5 regulates their specifica-
tion toward secretory vs enterocyte lineages (binary fate). The
transcription factor ATOH1 is repressed by Notch in ISCs; its de-
repression, when Notch is inactivated, drives progenitor cells to
differentiate along the secretory lineage. However, it is not clear
what promotes transition of ISCs to progenitors and how this fate
decision is established.METHODS:We sorted cells from Lgr5-GFP
knockin intestines from mice and characterized gene expression
patterns. We analyzed Notch regulation by examining expression
profiles (by quantitative reverse transcription polymerase chain
reaction and RNAscope) of small intestinal organoids incubated
with the Notch inhibitor DAPT, intestine tissues from mice given
injections of the g-secretase inhibitor dibenzazepine, and mice with
intestine-specific disruption of Rbpj. We analyzed intestine tissues
from mice with disruption of the RUNX1 translocation partner 1
gene (Runx1t1, also called Mtg8) or CBFA2/RUNX1 partner tran-
scriptional co-repressor 3 (Cbfa2t3, also called Mtg16), and derived
their organoids, by histology, immunohistochemistry, and RNA
sequencing (RNA-seq). We performed chromatin immunoprecipi-
tation and sequencing analyses of intestinal crypts to identify genes
regulated by MTG16. RESULTS: The transcription co-repressors
MTG8 and MTG16 were highly expressed by þ4/5 early pro-
genitors, compared with other cells along crypt-villus axis.
Expression of MTG8 and MTG16 were repressed by Notch
signaling via ATOH1 in organoids and intestine tissues from mice.
MTG8- and MTG16-knockout intestines had increased crypt
hyperproliferation and expansion of ISCs, but enterocyte differen-
tiation was impaired, based on loss of enterocyte markers and
functions. Chromatin immunoprecipitation and sequencing ana-
lyses showed that MTG16 bound to promoters of genes that are
specifically expressed by stem cells (such as Lgr5 and Ascl2) and
repressed their transcription. MTG16 also bound to previously
reported enhancer regions of genes regulated by ATOH1, including
genes that encode Delta-like canonical Notch ligand and other
secretory-specific transcription factors. CONCLUSIONS: In intestine
tissues of mice and human intestinal organoids, MTG8 and MTG16
repress transcription in the earliest progenitor cells to promote exit
of ISCs from their niche (niche exit) and control the binary fate
decision (secretory vs enterocyte lineage) by repressing genes
regulated by ATOH1.
Keywords: Niche Exit; Lineage Specification; Chromatin
Remodeling; Lateral Inhibition.
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

Notch signaling maintains intestinal stem cells (ISCs) and
determines whether early progenitor cells develop along
the secretory or enterocyte lineage. The transcription
factor ATOH1 is repressed by Notch in ISCs; its de-
repression causes precursor cells to differentiate along
the secretory lineage.

NEW FINDINGS

In the intestine, MTG8 and MTG16 are repressed by
Notch signaling indirectly, via ATOH1; this promotes exit
of ISCs from their niche and regulates progenitor lineage
specification, by repressing ATOH1-target genes.

LIMITATIONS

MTG8 null mice died at birth. Studies of mice with
intestine-specific knockout of MTG8 are needed to
determine phenotypes of adult intestine.

IMPACT

MTG8 and MTG16 are chromatin modulators that regulate
differentiation of ISCs into secretory vs enterocyte
lineages.
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(ISCs) located at the crypt base. ISCs divide and give rise to
early progenitor populations at the þ4/5 cell position,
where lineage specifications take place (Extended Data
Supplementary Figure 1).1,2 Notch signaling plays a key role
in lineage commitment and plasticity. Activation of Notch
drives enterocyte differentiation, while Notch inactivation
de-represses the transcription factor ATOH1, a master
regulator of all secretory lineages: Paneth, goblet, and
enteroendocrine cells.3–6 This binary fate decision is
believed to be driven by the emerging expression of the
Notch ligand Delta-like (Dll) family on early secretory pro-
genitors, which activates Notch in surrounding progenitor
cells. This instructs these “naïve” neighbors to take the
opposite (enterocyte) fate. This process is termed “lateral
inhibition” and is proposed to be under ATOH1 regulation.7–
10 Dll1þ secretory progenitors exert plasticity, that is, they
can revert to stem cells on stem cell loss.11 Although the
signaling pathways regulating ISC fate are well-defined, the
underlying mechanism of how stem cells commit to differ-
entiation and undergo the subsequent binary fate decision
remains largely uncharacterized. Importantly, transcrip-
tional control and molecular markers of enterocyte pro-
genitors remain largely undefined. Very recent studies
propose that chromatin accessibility plays a crucial role in
fate decisions and plasticity at the early progenitor
stage.8,12,13

To delineate the early stem cell–daughter cell transition,
we studied transcriptional control directly at the earliest
progenitor cell at the þ4/5 position on niche exit. In this
study, we identified 2 transcriptional co-repressor homo-
logues, MTG8 and MTG16, that are expressed in these early
progenitors. MTG8 and MTG16 were repressed by Notch
signaling both in ex vivo organoids and in vivo. We further
showed that the 2 co-repressors play central roles in early
fate decision of ISCs by repressing the stem cell gene
expression program and Dll expression for lateral inhibition.
Previous studies have demonstrated that MTG8 and MTG16
recruit chromatin-modifying enzymes for transcriptional
regulation.14 Together, our findings indicate a critical role for
MTG8 and MTG16 in niche exit and in early fate decision of
ISCs by regulating chromatin accessibility of the target genes.
Abbreviations used in this paper: ChIP-seq, chromatin immunoprecipita-
tion coupled-deep sequencing; DBZ, dibenzazepine; DHS, DNase I hy-
persensitivity; DKO, double knockout; Dll, Delta like; GFP, green
fluorescent protein; ISC, intestinal stem cell; MTG, myeloid translocating
gene; qRT-PCR, quantitative reverse-transcriptase polymerase chain re-
action; RNA-seq, RNA sequencing; RSPO, R-spondin; WT, wild type.

Most current article

© 2020 by the AGA Institute. Published by Elsevier Inc. This is an open
access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
0016-5085

https://doi.org/10.1053/j.gastro.2020.06.012
Materials and Methods
Please refer to the online Supplementary Materials for

detailed additional Methods.

Animals and Drug Administration
All animal regulated procedures were carried out according

to Project License constraints (PEF3478B3) and Home Office
guidelines and regulations. Lgr5-EGFP-IRES-CreERT215 mice
were used for FACS sorting experiments. Rbpjfl/fl mice16 were
crossed with VillinCreER17 mice for inducible intestinal-specific
deletion. Mtg16�/�, Mtg8�/�; and Mtgr1�/� mice were kind gift
from Scott W. Hiebert. Lgr5DTR-EGFP mice (kind gift from
Genentech, hereafter named as Lgr5-GFP mice because only the
green fluorescent protein [GFP] reporter element was used in
this study) were crossed with Mtg16�/� mice to generate
Mtg16�/�; Lgr5-GFP animals. VillinCreER; Rbpjfl/fl or VillinC-
reER animals were injected with tamoxifen (T5648, Sigma-
Aldrich) intraperitoneally at 1.6 mg per 10g of mice and
collected at the indicated time points. For proliferation analysis,
animals were injected intraperitoneally (IP) with 30 mg/kg
EdU (E10187, Molecular Probes) 2 hours before tissue collec-
tion. EdU treatment in newborn pups was performed the same
as in adults except that the pups were culled 20 minutes after
injection. Dibenzazepine (4489 DBZ; Tocris, Bristol, UK) was
administered to wild-type (WT) animals as described previ-
ously.8 Briefly, mice were injected IP twice the same day, 6
hours apart, with a dose of 100 mmol/kg DBZ suspended in
0.5% (wt/vol) hydroxypropylmethyl-cellulose (94378, Metho-
cel E4M; Sigma-Aldrich, St Louis, MO) and 0.1% (wt/vol)
Tween 80 (P1754; Sigma-Aldrich) in water or only the vehicle
as a control. Mice were collected at the indicated time points
after the first injection.

Statistical Analysis
Results are expressed as mean ± standard error of the

mean (*P< .05, **P< .01, ***P< .001). Statistical significance of
mean values was assessed using unpaired Student t-test or

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1053/j.gastro.2020.06.012


Figure 1. Expression of Mtg8 and Mtg16 in the þ4/5 early progenitor cells. (A) FACS isolation of GFP-high and GFP-low cells
from the Lgr5-EGFP-IRES-CreERT2 intestinal crypts. qRT-PCR analysis of the indicated genes in the 2 populations. Data
represent mean±SEM from biologically independent animals (n ¼ 3). *P< .05, **P< .01, ***P< .001, 2-sided t-test. (B)
RNAscope brown staining of Mtg8, Mtg16 and Mtgr1 in intestinal crypts from WT mice. (C) Quantification of Mtg8 and Mtg16
RNAscope staining in (B) along the crypt. Data represent mean±SEM from biologically independent animals (n ¼ 3). (D, E)
RNAscope duplex staining of Mtg16 (D) or Mtg8 (E) (blue) with Atoh1 or Lgr5 (red) in WT intestinal crypts. Empty arrows
indicate exclusive staining, black arrows indicate colocalized staining. (F) Quantification of Mtg16 RNAscope signal (area of
dots) in Paneth cells and progenitor cells. Data represent mean±SEM from biologically independent animals (n ¼ 3). **P< .01,
2-sided t-test. (G) Quantification of Mtg16þAtoh1þ and Mtg16þAtoh1� cell populations in early progenitors (þ3–5 positions)
from the RNAscope staining in (D). Scale bars, 20 mm.
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analysis of variance, 1- or 2-way, followed by Tukey’s or Sidak’s
Multiple Comparison Post-test respectively. The corresponding
number of N and experiments are indicated in the figure leg-
ends. Statistics were performed using GraphPad Prism 7 soft-
ware (La Jolla, CA).

Results
Expression of Mtg8 and Mtg16 in a
Subpopulation of þ4/5 Cells of Intestinal Crypt

To investigate the transcriptional regulation of stem cell
fate and early lineage commitment at the þ4/5 progenitor
stage, we analyzed the expression profile of sorted LGR5-
GFP cells (GSE36497).18 Rather than focusing on the GFP-
high (LGR5-GFP 5þ) stem cell population, we examined
the GFP-low (LGR5-GFP 2þ, 3þ, and 4þ) fractions that
represent immediate daughter cells. This allowed us to
identify þ4/5 cell-enriched genes in the absence of a spe-
cific molecular marker. Hierarchical clustering analysis
revealed 525 genes that were enriched in GFP-low pop-
ulations (Supplementary Figure 1B and Supplementary
Table 1). These included Atoh1, Dll1, and Dll4 that have
previously been reported to be expressed in the early
secretory progenitors.8,11,19 Among the 525 genes, we
further screened for transcription factors that were
enriched in LGR5-GFP-low and absent in LGR5-GFP-high
stem cell populations. This resulted in the identification of
the 2 related transcriptional regulators Mtg8 and Mtg16.

MTG8, MTG16, and MTGR1 (also known as RUNX1T1,
CBFA2T3, and CBFA2T2, respectively) are transcriptional
co-repressors that comprise the myeloid translocating gene
(MTG) family.14,20 Quantitative reverse transcription poly-
merase chain reaction (qRT-PCR) confirmed the enriched
expression of Mtg8 and Mtg16 in LGR5-GFP-low early pro-
genitors in the crypts, similar to Atoh1 (Figure 1A and
Supplementary Figure 1C). RNAscope analysis further
demonstrated enriched expression of Mtg8 and Mtg16
at þ4/5 cell positions directly above the LGR5þ ISC
compartment (Figure 1B–D), whereas Mtgr1 was expressed
throughout the crypt (Figure 1A and B). Quantification of
the RNAscope signal confirmed that most Mtg8þ cells were
present at positions 4 and 5 (31.5% and 25.3%, respec-
tively), whereas Mtg16þ cells were distributed throughout
the lower crypt with a peak frequency at positions 4 and 5
(24.7% and 12.6%, respectively) (Figure 1C). RNAscope co-
staining further revealed that expression of Mtg16 was
mostly exclusive with Lgr5 but colocalized with Atoh1 at the
crypt bottom, indicating that Mtg16 is also expressed by
Paneth cells (Figure 1D). It is worth noting that the RNA-
scope signal of Mtg16 was significantly stronger at positions
4 and 5 than in Paneth cells (Figure 1F, Supplementary
Figure 1D), indicating that Mtg16 is indeed enriched in
early crypt progenitors. Expression of Mtg8 was mostly
exclusive from Atoh1 (Figure 1E), whereas Mtg16 was
expressed in both Atoh1þ and Atoh1� populations in the
early progenitors in roughly equal proportions (Figure 1D
and G). Mtg8 was also found to colocalize with Mtg16
(Supplementary Figure 1E). In addition, co-staining of
Mtg16 and Muc2 showed thatMtg16 was also expressed in a
small subset of goblet cells that were mainly localized at the
crypt-villus junction (red arrows in Supplementary
Figure 1F). We also observed stromal expression of Mtg16
in the intestine (Figure 1B, white arrows in Supplementary
Figure 1F). Because MTG16 is required for hematopoietic
progenitor cell fate decision,21 it is highly likely that the
mesenchymal expression of Mtg16 is localized to hemato-
poietic cells. Taken together, our data suggest that a sub-
population of þ4/5 cells express Mtg8/16 and are negative
for Atoh1. Of note, Mtg8 transcript levels were very low in
abundance throughout the intestinal tissue, suggesting that
its expression might be transient and dynamic under strict
regulation at the þ4/5 cells.
Mtg8 and Mtg16 Are Negatively Regulated by
Notch Signaling

Because Mtg16 expression partially overlaps with
Atoh1 expression in þ4/5 cells, we asked whether the co-
repressors are regulated by Notch signaling. Mouse small
intestinal organoids were treated with the Notch inhibitor
DAPT followed by qRT-PCR analysis. As expected, DAPT-
treated organoids showed significant suppression of
Notch signaling and de-repression of Atoh1 and Dll1, while
secretory lineage markers were upregulated (Figure 2A).
Remarkably, both Mtg8 and Mtg16, but not Mtgr1, were
significantly upregulated upon DAPT treatment
(Figure 2B). We observed similarly upregulated expression
of MTG8 and MTG16 in DAPT-treated human intestinal
organoids, indicating that the Notch-controlled expression
of the 2 genes is conserved in human (Supplementary
Figure 2A).

To confirm the Notch regulation in vivo, we depleted the
Notch downstream transcription factor Rbpj for 3 to 6 days.
Loss of Rbpj resulted in a progressive drift of differentiation
toward the secretory lineage, concurrent with increased
Atoh1 expression (Figure 2C; Supplementary Figure 2B and
C). Consistent with the organoid data, qRT-PCR analysis
showed robust upregulation of Mtg8 and Mtg16 in the in-
testinal crypts upon Rbpj loss in vivo, while Mtgr1 expres-
sion was unchanged (Figure 2C). Interestingly, expression of
Mtg8 and Mtg16 was also significantly increased at day 4
post-Rbpj deletion in vivo, when most of the differentiation
markers remained unchanged (Figure 2C and
Supplementary Figure 2C and D). RNAscope staining
confirmed upregulation of Mtg8 and Mtg16, and loss of the
ISC marker Lgr5 upon Rbpj deletion (Figure 2D and E). We
further validated the findings by treating WT animals with
the g-secretase inhibitor, DBZ, as an alternative Notch
inactivation model, which again resulted in a progressive
shift toward the secretory lineage (Supplementary
Figure 2E). Similar to the Rbpj deletion data, expression of
Atoh1, Mtg8, and Mtg16 was significantly upregulated
immediately after treatment (1–2 days) (Figure 2F and
Supplementary Figure 2F), confirming that MTG8 and 16
are repressed by Notch signaling. Previous data have sug-
gested regional differences in Notch signaling in the intes-
tine, where proximal duodenum shows higher Notch
signaling than distal parts of ileum.22 In agreement, higher
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expression of Atoh1 and Mtg16 was observed in the distal
ileum (Supplementary Figure 2G).

Because the secretory progenitor marker ATOH1 is
also repressed by Notch signaling in þ4/5 cells, we asked
whether the Notch-regulated Mtg8 and Mtg16 expression
is dependent on ATOH1 using Atoh1 floxed organoids.
Indeed, the DAPT-induced expression of Mtg8 and Mtg16
was abrogated on Atoh1 deletion, indicating that Mtg8
and Mtg16 expression is mediated by Atoh1 (Figure 2G).
Furthermore, ectopic expression of ATOH1 in HEK293T
cells was able to induce MTG8 and MTG16 expression
(Supplementary Figure 2H), indicating that the Atoh1-
mediated MTG expression is independent of change of
cell fate. To verify the hierarchical regulation of ATOH1
and MTG8/16, we further examined their expression dy-
namics in a short time-course DAPT treatment of orga-
noids. The results demonstrated that Atoh1 was
significantly upregulated 12 hours after DAPT induction,
whereas Mtg16 was only upregulated 15 hours after in-
duction (Supplementary Figure 2I). Mtg8 remained un-
changed during the first 16 hours of DAPT treatment. The
data suggest that the expression of Mtg8 and Mtg16 is
likely to be driven by Atoh1 at different dynamics. We
conclude that MTG8 and MTG16, but not MTGR1, are
repressed by Notch signaling indirectly via ATOH1 in the
intestine.
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Loss of Mtg8 and Mtg16 Induces
Hyperproliferation and Expansion of ISCs

The Notch-regulated expression of Mtg8 and Mtg16
in þ4/5 cells led us to investigate whether the co-
repressors play a role in ISC fate decision. We analyzed
the Mtg8�/� and Mtg16�/� animals. Mtg16�/� mice
were healthy and viable, whereas Mtg8�/� and double
knockout (DKO) animals died shortly after birth, in
accordance with previous findings.21,23 We then proceeded
to analyze Mtg16�/� and DKO newborn pups. The intes-
tine obtained from DKO pups was significantly shorter
than from WT, which was consistent with the Mtg8-null
phenotype (Supplementary Figure 3A).23 Both Mtg16�/�
and DKO animals showed significantly increased prolifer-
ation in the inter-villus regions that would later give rise
to crypts (Figure 3A and Supplementary Figure 3B).
=
Figure 2.Mtg8 andMtg16 are regulated by Notch signaling. (A, B
with Notch inhibitor DAPT for 2 and 3 days. Data represent
organoid isolations (n ¼ 3). The experiment was performed twic
analysis of intestinal epithelium from Villin CreER and Villin Cre
induction. Data represent mean±SEM from biologically indepe
ments were performed. *P< .05, **P< .01, ***P< .001, 2-way an
Mtg8, Mtg16, and Mtgr1 in intestinal tissue obtained from Villin
tamoxifen induction. Arrows indicate Mtg8þ cells. Scale bars, 5
(red) in intestinal tissues of the indicated genotypes at day 6
epithelium from WT mice collected at the indicated days after
biologically independent animals (n ¼ 3 per group). *P < .05, **
DAPT-treated Villin CreER and Villin CreER;Atoh1fl/fl organoi
experiment was performed 4 times. *P< .05, **P< .01, ***P
##P< .01, compared with DAPT-treated control group, 2-sided
Notably, EdUþ cells were also detected in the villi of the
DKO intestine, indicating that epithelial cell proliferation
was extended beyond inter-villus regions to the villi. Next,
we analyzed whether the increase in the inter-villus
epithelial cell proliferation is accompanied by upregu-
lated ISC gene expression. RNAscope and qRT-PCR
demonstrated that the ISC marker Lgr5 and its transcrip-
tional activator Ascl2 were both significantly upregulated
in the mutants (Figure 3B). Similarly, significant increases
in crypt proliferation and ISC markers (Lgr5 and Olfm4)
were also observed in Mtg16�/� adult intestine
(Figure 3C and D; Supplementary Figure 3 C and D). Co-
staining of Lgr5 and Atoh1 confirmed significantly
increased Lgr5 expression in the trans-amplifying region
above the Atoh1þ progenitors in the mutant intestines
(Supplementary Figure 3E). We further generated
Mtg16�/�;Lgr5-GFP mice to label the endogenous LGR5þ
ISCs. In agreement with the RNAscope observations, an
increased number of GFPþ ISCs were detected in the
Mtg16�/� adult intestine, confirming the ISC expansion
phenotype (Supplementary Figure 3F).

To test whether the stem cell–repressive role of
MTG16 is cell-intrinsic, we further examined the colony
formation capacity of WT and mutant organoids ex vivo
in the absence of any stromal niche. We confirmed that
Mtg16�/� organoids grew faster than the WT controls,
suggesting that the stem cell–repressive role of MTG16 is
indeed cell-intrinsic (Figure 3E). Similarly, organoids
derived from Mtg16�/� and DKO newborn intestine also
grew significantly faster than the WT counterparts
(Figure 3F and Supplementary Figure 3G). We further
challenged the organoids by reducing the Wnt agonist R-
spondin (RSPO) concentration. Neither WT nor MTG
mutant organoids survived in the absence of RSPO.
However, Mtg16�/� and DKO organoids grew signifi-
cantly better in the low-RSPO (2%) condition with fewer
collapsed organoids and more healthy branching organo-
ids compared with WT (Figure 3G). The results suggest
that MTG KO organoids have a growth advantage in the
low-RSPO condition but are still dependent on exogenous
Wnt signaling for ISC survival. Because MTG16 is
expressed in Paneth cells, we asked whether the increase
in crypt proliferation and stem cell markers in Mtg16�/�
intestine is caused by dedifferentiation of Paneth cells,
) qRT-PCR analysis of WT mouse intestinal organoids treated
mean±SEM from biologically independent small intestinal
e. *P< .05, **P< .01, ***P< .001, 2-sided t-test. (C) qRT-PCR
ER;Rbpjfl/fl mice collected at indicated days after tamoxifen
ndent animals (n ¼ 4 per group). Three independent experi-
alysis of variance (ANOVA). (D) RNAscope brown staining of
CreER and Villin CreER;Rbpjfl/fl mice collected at day 4 post-
0 mm. (E) RNAscope duplex staining of Mtg16 (blue) and Lgr5
post-tamoxifen induction. (F) qRT-PCR analysis of intestinal
DBZ or vehicle treatment. Data represent mean±SEM from
P< .01, ***P< .001, 2-way ANOVA. (G) qRT-PCR analysis of
ds induced with 4-OHT. Data represent mean±SEM. The
< .001, compared with untreated control group; #P< .05,
t-test.



Figure 3. Loss of Mtg8 and Mtg16 increases ISC numbers and proliferation. Intestinal tissues were collected from newborn
(P0) (n ¼ 4–5 for each genotype) (A, B) or adult mice (n ¼ 3–6 mice per group) (C–E) for analysis. (A) EdU staining showing
increased proliferation in Mtg16�/� and Mtg8�/� Mtg16�/� animals compared with WT. Graphs showing EdUþ cells
distribution along the crypt and quantitation of EdUþ cells per inter-villus region in WT, Mtg16�/� and Mtg8�/�Mtg16�/�
intestine. Data represent mean±SEM of 3 independent experiments. At least 10 representative crypts per animal have been
analyzed. (B) Lgr5 RNAscope staining and qRT-PCR showing increased ISC gene expression in newborn Mtg16�/� and
Mtg8�/�Mtg16�/� tissues. Data represent mean±SEM of 3 independent experiments (n ¼ 4 per group). *P< .05, **P< .01,
***P< .001, 1-way analysis of variance (ANOVA). (C) EdU staining in WT and Mtg16�/� adult intestine. (D) Lgr5 and Olfm4
RNAscope brown staining in small intestinal tissue from WT and Mtg16�/� adult mice. (E) Colony formation assay of small
intestine organoids isolated from WT and Mtg16�/� adult mice. Data represent mean±SEM of 2 independent experiments
(n ¼ 6 mice per group). *P< .05, **P< .01, ***P< .001, 2-sided t-test. Scale bars, 100 mm (B–D), 1000 mm (E). (F) Colony
formation assay of small intestine organoids derived from WT, Mtg16�/� and Mtg16�/�Mtg8�/� newborn pups. Data
represent mean±SEM of 3 independent experiments (n ¼ 2–4 mice per group). ***P< .001, 1-way ANOVA. (G) Representative
images showing newborn organoids of the indicated genotypes cultured in 5% or 2% RSPO conditions for 3 to 4 days. Scale
bar, 1000 mm. Right, quantification of the organoid health status maintained in 2% of RSPO condition. Data represent
mean±SEM of 2 independent experiments (n ¼ 2–4 mice per group). **P< .01, ***P< .001 compared with WT, 1-way ANOVA.
#P< .05, ##P< .01 compared to Mtg16�/�, 1-way ANOVA.
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Figure 4.Mtg8 and Mtg16 deletion impairs intestinal lineage specification. Intestinal tissues were collected from newborn (P0)
(n ¼ 4–5 for each genotype) (A) Heatmap showing genes differentially expressed in WT andMtg16�/� intestine. (B, D, E) Gene
Set Enrichment Analysis (GSEA) probing (B) Wnt/Stem cell signature genes, (D) intestinal absorption and digestion, and (E)
secretory signature genes. (C) FAPB1 and APOA4 immunostaining in adult WT and Mtg16�/� intestinal tissue. (F) Scheme
showing the disaccharidase assay performed in organoids. (G) qRT-PCR of mature enterocyte markers in adult WT and
Mtg16�/� organoids. (H) Glucose levels detected in the supernatant of intestinal organoids of the indicated genotypes after 1-
hour sucrose incubation. *P< .05, **P< .01, ***P< .001, 2-sided t-test.
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which has recently been reported to occur on injury.24

However, immunostaining of WT and Mtg16�/� tissue
did not show any colocalization of Paneth cell marker
lysozyme and proliferation marker Ki67 (Supplementary
Figure 3H), indicating that the increase in stem cell
gene expression on MTG16 loss is caused by stem cell de-
repression in the early progenitors rather than Paneth cell
plasticity. Together, we tentatively conclude that MTG8
and MTG16 regulate niche exit at the þ4/5 cells by
repressing the ISC fate and proliferation.
Mtg8 and Mtg16 Deletion Impairs Intestinal
Lineage Specification

MTGR1 has previously been shown to be required for
intestinal secretory cell differentiation in adult tissue.25 We
therefore asked whether loss of MTG8/16 would alter
lineage selection in the intestine. Because intestinal differ-
entiation is incomplete in newborn animals, we decided to
focus on analyzing Mtg16�/� adult intestine. Reduced
goblet cell numbers (AB-PAS) were observed in Mtg16�/�
adult intestine (Supplementary Figure 4A and B). This is in
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Mtg16 null animals.26 Similarly, there was a tendency to-
ward reduction of enterocyte markers (villin and alkaline
phosphatase) in the mutant intestines (Supplementary
Figure 4A). We believe that the moderate alteration of ter-
minal differentiation might be due to the redundant role of
Mtg8. To provide a global, unbiased picture of gene
expression changes in the mutant animals, we further per-
formed transcriptional profiling on the WT and Mtg16�/�
intestine. RNA-seq analysis revealed 478 genes that were
differentially expressed upon Mtg16 deletion
(Supplementary Figure 4C and D; Supplementary Table 2).
Consistent with the increased crypt proliferation observed
in Figure 3, Wnt and stem cell signatures18,27 were both
significantly upregulated upon loss of MTG16 (Figure 4B).
Interestingly, we further observed significant reduction of
enterocyte markers and upregulation of secretory markers
such as Paneth cells and enteroendocrine cells in the Mtg16
mutant intestine (Figure 4A). Of note, RNA-seq data did not
reveal significant alteration of goblet cell markers. Com-
parison of various enterocyte markers with the previously
published single-cell RNA-seq data (GSE92332) revealed
differential expression of the markers between mature and
immature enterocytes.28 In particular, Alpi expression did
not distinguish between mature and immature enterocytes,
while other markers such as Apoa4, Fabp1 and Fabp2 were
preferentially expressed in mature enterocytes
(Supplementary Figure 4E). Our RNA-seq data suggested
that deletion of Mtg16 results in a loss of mature enterocyte
markers. Indeed, a clear reduction of FABP1 and APOA4
proteins was observed in the Mtg16�/� intestine, indi-
cating that loss of MTG16 inhibits enterocyte differentiation
and maturation (Figure 4C). Gene set enrichment analysis
further confirmed the loss of absorptive signatures
(Figure 4D) and enrichment of secretory signatures8,29

(Figure 4E) in the Mtg16�/� intestine. To further demon-
strate the functional defect of the MTG mutant intestine, we
examined the disaccharidase (brush border enzyme) activ-
ity in the WT and Mtg16�/� organoids (Figure 4F).
Downregulated expression of mature enterocyte markers
was confirmed in Mtg16�/� organoids (Figure 4G).
Consistent with our observation of impaired enterocyte
differentiation in vivo, the disaccharidase activity of the
adult Mtg16�/� organoid was significantly reduced when
compared to WT control organoids (Figure 4H).

Taken together, our data support the notion that MTG16
represses stem cell proliferation and promotes enterocyte
over secretory lineage differentiation. Interestingly, we also
noted enrichment of chromatin remodeling and epigenetic
regulatory genes in the Mtg16 mutant intestine
(Supplementary Figure 4F), suggesting that the co-repressor
MTG16 may regulate gene expression by chromatin
remodeling.
Mtg16 Binds to ISC Signature Genes and Atoh1-
targets for Niche Exit and Fate Decision

To investigate how the co-repressors regulate ISC gene
expression program and lineage selection, we then
performed chromatin immunoprecipitation coupled-deep
sequencing (ChIP-seq) to identify the MTG targetome. To
capture the physiological binding targets in vivo, intestinal
crypts were isolated 4 days after Rbpj-depletion to enhance
endogenous MTG16 expression, while most of the differ-
entiation markers remained unaltered (Figure 2C and D and
Supplementary Figure 2C and D). MTG16 ChIP-seq identi-
fied 7843 reproducible binding sites (Figure 5A,
Supplementary Figure 5A and Supplementary Table 3). Gene
ontology analysis of MTG16 targets revealed enrichment of
genes associated with Wnt and Notch signaling, as well as
histone-modifying genes (Figure 5B and Supplementary
Table 4). Comparison between the ChIP-seq and RNA-seq
data showed that 35% of the genes differentially
expressed upon Mtg16 deletion harbored MTG16-binding
sites within 5kb of the transcription start site
(Supplementary Figure 5B), where the odds of genes being
differential were observed to be increased by a factor of 2.4
(P < 2e-16, hypergeometric test). In particular, we observed
clear MTG16-binding signals over the key ISC genes Lgr5
and Ascl2 (Figure 5C). These sites coincided with the pre-
viously reported regulatory regions in these genes.30,31

MTG16 also bound to the promoter regions of other Wnt
targets such as Axin2, Myc, and Sox9, suggesting that MTG16
represses ISC signature genes and Wnt targets through
direct binding to their regulatory sequences
(Supplementary Figure 5C). This result was consistent with
our observation that Lgr5 and Ascl2 are upregulated on
MTG8 and MTG16 loss (Figure 3B and D).

Because MTG8 and MTG16 are repressed by Notch
signaling in þ4/5 cells, we asked whether they play a role in
lineage selection, similar to ATOH1. We compared our
MTG16 ChIP-seq data with the previously reported ATOH1
ChIP-seq and DNase I hypersensitivity (DHS, a measure of
chromatin accessibility) data on secretory- or enterocyte
progenitors.8 A striking overlap (84.08%) between MTG16
and ATOH1 binding sites was observed between the 2
datasets, suggesting that MTG16 may also be involved in
fate decision (Figure 5D and E).

ATOH1 has previously been reported to drive lateral
inhibition and to set the secretory fate by regulating
expression of the Dll Notch ligands.8,29 We analyzed the
ChIP-seq profiles of the Notch ligands Dll1 and Dll3.
Remarkably, we found that MTG16 bound to the previously
reported ATOH1-enhancer regions of both Dll1 and Dll3
(Figure 5F). Interestingly, loss of or reduced levels of DHS
were observed in enterocyte progenitors compared with
secretory progenitors at the regions where MTG16- and
ATOH1-binding overlapped (Figure 5F). These results sug-
gest that MTG16 binds to the ATOH1-bound loci to reduce
chromatin accessibility of Dll genes in enterocyte pro-
genitors for lateral inhibition and early fate decision. Similar
to Dll ligands, MTG16 also occupied most of the reported
ATOH1-binding sites in all secretory signature genes
including Spdef, Gfi1, and Neurog3 with reduced DHS levels
in enterocyte progenitors (Figure 5F). Given that MTG pro-
teins repress gene transcription by recruiting various
chromatin-modifying enzymes (eg, histone deacetylases),14

we propose that MTG8/16 regulate lateral inhibition and



Figure 5.MTG16 binds to ISC- and secretory lineage-signature gene loci. (A) Genome-wide distribution of 7843 MTG16-
binding sites. (B) Gene ontology analysis identified ontology terms associated significantly with MTG16 targetome,
including Wnt, Notch, and Ephrin pathways, as well as in histone-modifying genes. (C) ChIP-seq data showing MTG16 binding
signal (per million reads) to ISC gene loci (Lgr5 and Ascl2). (D, E) Composite profile (D) and heatmap (E) showing striking
overlap between ATOH1 and MTG16 binding sites (7843 sites). (F) ChIP-seq data showing MTG16 binding signal (per million
reads) to previously reported ATOH1-enhancer regions12 (asterisk) of the indicated gene. Reduced levels of DHS in enterocyte
progenitors (EP) versus secretory progenitors (SP) are indicated by dotted box. (G) MTG16 de novo motif matches with
previously reported ATOH1 and ASCL1/2 motif.
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Figure 6. Proposed model
for intestinal stem cell hi-
erarchy. (A) Updated ISC
fate model. See text for
details. (B) qRT-PCR anal-
ysis of the indicated genes
after 1, 2, or 3 days of
DAPT treatment. On the
right, illustration of
expression kinetics of the
stem cell, secretory and
enterocyte markers upon
time-course Notch inhibi-
tion. *P < .05, **P< .01,
***P< .001, 2-sided t-test.
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binary fate decisions of þ4/5 progenitors by repressing
ATOH1-mediated Dll ligands and secretory signature gene
transcription. Indeed, de novo motif analysis identified an
MTG16 consensus motif that was matched to the reported
ATOH1 motif, suggesting that MTG16 occupies ATOH1-
bound enhancers to regulate lineage specification
(Figure 5G and Supplementary Table 5). Co-
immunoprecipitation analysis further confirmed the
physical binding of ATOH1 with both MTG8 and MTG16
(Supplementary Figure 5D). Consistently, ATOH1-mediated
DLL1 expression was significantly downregulated by
MTG8 or MTG16 expression (Supplementary Figure 5E). In
addition to ATOH1, MTG family members have previously
been shown to interact with TCF4 for transcriptional sup-
pression.32 Together, our findings support the notion that
the MTG co-repressors bind to the transcription factors
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TCF4/b-catenin and ATOH1 to repress the stem cell pro-
gram and Dll expression for lateral inhibition. We further
noted that MTG16 bound strongly to its own locus as well as
to the promoter regions of Mtgr1 and Atoh1 (Supplementary
Figure 5F), whereas MTG16 has recently been reported as
an ATOH1 target.29 The data imply that ATOH1 and the MTG
family together contribute to a “cross-over” feedback loop
in þ4/5 cells to regulate rapid, dynamic fate decisions.
BA
SI
C
AN

D
TR

AN
SL
AT

IO
NA

L
AT
Discussion
Extensive studies in the past have focused on charac-

terizing the signaling pathways regulating ISCs, yet it has
remained elusive how the tightly regulated ISC fate remains
restricted to a fixed number of proliferative cells at the crypt
base. Paneth cells have been shown to constitute the
essential niche to define ISC identity,9,33–35 yet functional
ISCs can be maintained upon Paneth cell ablation.36,37

Therefore, it remains unclear how Paneth cells contribute
to ISC homeostasis. The undifferentiated cells immediately
above the ISC compartment (þ4/5 progenitors) are het-
erogeneous in terms of marker gene expression. ATOH1
marks a subpopulation of þ4/5 cells that have entered the
secretory lineage differentiation and mediate lateral inhibi-
tion,3,8 while molecular markers of the remaining þ4/5
progenitors entering the absorptive enterocyte differentia-
tion have not yet been identified. Here we report that the
Notch-repressed transcriptional co-repressors MTG8 and
MTG16 are expressed in þ4/5 progenitors to switch off the
stem cell expression program. Our current findings provide
insights into the underlying mechanism of ISC fate decisions
(Figure 6A). Our data support the notion that the “Notch-off”
state is the first “priming” step to drive ISC-daughter cell
transition by committing to transient bi-potent progenitors,
which is consistent with the recently proposed “multi-line-
age progenitor” population as the earliest progeny of
LGR5þ stem cells.38 When an ISC occupies the þ4/5 cell
position and loses its contact with Dll-expressing Paneth
cells (niche exit), Notch is switched off as a consequence,
thereby de-repressing ATOH1, MTG8 and MTG16. The co-
repressors then drive differentiation by switching off the
Wnt-mediated ISC gene expression program in the imme-
diate progenitors, leading to transient activation of the
whole differentiation program. This is consistent with the
data obtained from our time-course DAPT-treated organo-
ids, where downregulation of ISC markers was accompanied
by transient upregulation of both absorptive and secretory
lineage markers upon early Notch inhibition (Figure 6B).
Subsequently, ATOH1 and MTG8/16 work together in these
naïve bi-potent progenitors to control lateral inhibition and
binary fate decision (Figure 6A). Our findings uncover a
novel role of MTG8/16 in promoting enterocyte differenti-
ation by direct repression of ATOH1-mediated secretory
differentiation and Dll ligands expression. The differential
expression dynamics of Atoh1, Mtg8, and Mtg16 and their
potential negative feedback network may perhaps explain
the heterogeneity within the early progenitor population.
MTG16 is initially co-expressed with ATOH1 immediately
after niche exit and Notch inhibition. Subsequently, MTG8
and MTG16 expression starts to dominate and repress
ATOH1 expression, resulting in MTG8/16þATOH1� cells. It
is conceivable that the fate decision at these progenitors is
dependent on the expression dynamics of ATOH1 and MTG.
Interestingly, 2 recent studies showed direct binding of
HES1 to the promoter of Mtg16,39,40 suggesting that MTG8/
16 may also be actively repressed by Notch directly via
HES1 at the ISCs. It is also worth noting that all Dll ligands
are transcriptional targets of ATOH1 and MTG16, including
Dll3 that has previously been reported to function exclu-
sively as cis-inhibition rather than trans-activation of Notch
signaling.41 This may imply a previously underappreciated
role of DLL3 in the dynamic lateral inhibition and fate de-
cision in the early progenitors, where DLL1/4 trans-activate
Notch in the neighboring cells and DLL3 inhibits Notch cell-
autonomously.

Previous studies have shown that MTG16 is required for
injury-induced epithelial cell survival and regeneration in
the intestine.26,42 Interestingly, increased proliferation of
Mtg16-depleted intestine has been demonstrated, although
the underlying mechanism remained uncharacterized.26

More recently, increased ß-CATENIN staining has also
been observed in MTG16-deleted colitis-associated tu-
mors,43 suggesting a potential Wnt inhibitory role of
MTG16. In the current study, we focused on characterizing
the mechanistic role of MTG in normal intestinal stem cell
homeostasis. Beyond the increase in crypt proliferation as
previously reported, we further observed a significant in-
crease in stem cell number in the MTG mutants. Global
genomic and transcriptomic analysis further revealed that
MTG16 binds to the gene loci of stem cell and Wnt signature
genes for transcriptional repression. Our data on the Notch-
regulated MTG expression at þ4/5 progenitor cells provide
mechanistic insight into how MTG regulates stem cells and
the Wnt transcriptional program under normal stem cell
homeostasis, which will help understand the tumor sup-
pressive role of MTG in colorectal cancer.44

Regulation of chromatin accessibility has recently been
reported in these highly dynamic progenitors for fate de-
cision and plasticity.8,12,13 It is believed that dynamic
reorganization of chromatin remodeling controls the rapid,
dynamic lineage specifications of early progenitors, as well
as permitting dedifferentiation of progenitors into stem
cells on damage. However, the underlying mechanism of
how chromatin remodeling is regulated remains unknown.
The discovery of the co-repressors Mtg8/16 in the þ4/5
cells offers a compelling explanation for this epigenetic
regulation by recruiting various chromatin-modifying en-
zymes to stem cell- and lineage-specific genes for dynamic
fate decisions. Controlling the expression of MTG8 and
MTG16, via Notch signaling upon damage could allow the
early progenitors to reacquire multipotency by de-
repressing the ISC gene expression program. It is inter-
esting to note that MTGR1 is not regulated by Notch
signaling despite the previously reported role in secretory
lineage differentiation.25 Because our ChIP-seq data
revealed that MTGR1 is a transcriptional target of MTG16,
it is conceivable that the MTG family function together
with ATOH1 to drive fate decision via transcription
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activator-repressor network and chromatin remodeling.
Our findings provide a direct link between Notch signaling
and chromatin remodeling for ISC fate decision. Further
characterization of MTG8, MTG16 and MTGR1 targetomes
will help understand their transcriptional regulation of ISC
fate as homodimer or heterodimer.
Supplementary Material
Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at https://doi.org/10.1053/
j.gastro.2020.06.012.
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Supplementary Methods

Expression Analysis of LGR5-GFP Sorted Cells
Transcriptomic data of LGR5-GFP sorted cells was

extracted from GSE36497 (Agilent array 4x44K).1 LGR5-
GFP high (5þ) represents stem cell population, while
LGR5-GFP-low (4þ to 2þ) represents immediate daughter
cells. Given the dynamic and heterogeneous nature of
the þ4/5 early progenitor cells, we decided to include
LGR5-GFP 2þ, 3þ, and 4þ cell fractions together as GFP-
low progenitors for hypothesis-free unsupervised clus-
tering analysis. Of note, the GFP-negative population that
consists of differentiated cells in the villi as well as non–
GFP-expressing crypt cells was not included in the analysis.
We further selected genes with >2-fold difference in at least
3 arrays and performed hierarchical clustering. This resul-
ted in 525 genes that were enriched in GFP-low populations
(Supplementary Figure 1B and Supplementary Table 1).

Crypts Isolation and Mouse Organoids Culture
Organoids were established from freshly isolated adult WT and

Mtg16�/� small intestine, or P0 WT, Mtg16�/� and Mtg8�/
�Mtg16�/� intestine. Tissues were incubated in cold phosphate-
buffered saline (PBS) containing 2mMEDTA for isolating epithelial
crypts and cultured in Cultrex BME, Type 2 RGF PathClear (Ams-
bio, Abington, UK; 3533-010-02) as previously described.2 All
freshly isolated organoids were initially cultured in IntestiCult
Organoid Growth Medium (Stem Cell technologies, Vancouver, BC,
Canada; #06005). For P0 intestine, organoids were cultured for at
least 4 weeks before any experiments to allow maturation. The
Rho kinase inhibitor Y-27632 (Sigma, Y0503) was added to the
culture during first week of crypt isolation and single cell dissoci-
ation. For R-spondin (RSPO) depletion experiments, organoids
were switched to basal media containing epidermal growth factor
(EGF) (Invitrogen; PMG8043), Noggin, and RSPO (ENR) as previ-
ously described.2 For Notch inhibition, organoids were treated with
10 mM DAPT (Sigma; D5942) for the indicated times. Villin-
CreERT2;Atoh1fl/fl organoids were kind gift from Dr. Henner Farin.
For complete gene deletion, Villin-CreERT2;Atoh1fl/fl organoids
were treated with 1 mM 4-hydrotamoxifen (4-OHT) for 24 hours,
followed by 48 hours of 10 mM DAPT treatment for Notch inhi-
bition. For the RSPO-low challenge experiments, organoids were
plated in ENR containing 5% or 2% RSPO.

Organoid Colony Formation Assay
Organoids were dissociated using ACCUMAX (Merck,

Kenilworth, NJ; SCR006) and counted. A total of 2000 single
cells were seeded in BME (Cultrex, Minneapolis, MN) per
well in a 48-well plate and placed in a 37�C incubator to
polymerize for 30 minutes; 300 mL of small intestinal
organoid growth media (see previously) plus Rho kinase
inhibitor Y-27632 (Sigma-Aldrich; Y0503) was added and
cultured for the indicated times. Number of spheres formed
in each well was counted as plating efficiency.

Human Organoids Culture
Samples have been harvested during surgeries at the Great

Ormond Street Hospital, London, in accordance with ethical
approval, REC Ref: 11/LO/1522. Written informed consent

was obtained. Intestinal samples were obtained from patients
with various intestinal diseases. Crypts were isolated from
human intestinal tissue by incubating for 1 hour with chelation
buffer (5.6 mM Na2HPO4, 8 mM KH2PO4, 96 mM NaCl, 1.6 mM
KCl, 44 mM sucrose, 54.8 mM D-sorbitol, 0.5 M EDTA, and 1M
DTT) at 4�C, and plated in drops of BME. After polymerization,
culture media was added. Human intestinal organoid media
contains advanced Dulbecco’s modified Eagle’s medium
(DMEM)/F12 medium (Invitrogen; 12634010) including B27
(Invitrogen; 17504044), nicotinamide (Sigma-Aldrich; N3376),
N-acetylcysteine (Sigma-Aldrich; A7250), EGF (Invitrogen;
PMG8043), transforming growth factor-b type I receptor in-
hibitor A83-01 (Tocris, Bristol, UK; 2939), P38 inhibitor
SB202190 (Sigma-Aldrich; S7067), gastrin I (Sigma-Aldrich;
G9145), Wnt3a conditioned media (50% produced using sta-
bly transfected L cells), Noggin, and RSPO conditioned media.

Disaccharidase Activity Assay
Organoids were washed twice with PBS and incubated

with a 56 mM solution of sucrose for 1 hour. Supernatants
were collected and frozen until the assay was performed. To
detect glucose content, Amplex Red Glucose/Glucose Oxidase
Assay Kit (Invitrogen; A22189) was used. Samples were
diluted when necessary and incubated with the reaction buffer
containing Amplex Red, horseradish peroxidase, and glucose
oxidase. Fluorescence was measured in a microplate reader
with an excitation wavelength of 540 nm and fluorescence
emission detection at 590 nm. Glucose concentration was
assessed using a glucose standard curve from 0 to 200 mM.

FACS Sorting
Crypts were harvested from the proximal jejunum (w10

cm) by 30-minute incubation in ice-cold 5 mM EDTA/PBS and
filtered through a 70-mm strainer. Crypts were dissociated by
incubating with Collagenase/Dispase (Roche, Basel,
Switzerland; 11097113001) for 20 minutes at 37oC, followed
by 20-minute incubation with TrypLE (Gibco, Waltham, MA;
12604013) for 20 minutes at 37oC. TrypLE was stopped by
adding Advanced DMEM (Gibco; 12491015) containing 10%
fetal bovine serum (FBS) (Gibco; 10270106) and dissociated
cells were passed through a 20-mm strainer. Cells were stained
with 40,6-diamidino-2-phenylindole (DAPI) and resuspended in
PBS-0.5% BSA-2 mM EDTA. Cells were separated and re-
collected in Advanced DMEM plus 10% FBS based on GFP in-
tensity. Cell sorting was performed on a BD FACSAria II System.

Cell Culture
HEK293T and LS174T cells were maintained in DMEM Glu-

taMAX (Gibco; 10566-01) supplemented with 5% FBS (Gibco;
10270106) and 100 units/mL penicillin (Gibco; 15140122) and
100 mg/mL streptomycin (Gibco). Cells were incubated in a hu-
midified atmosphere of 5% CO2 at 37�C. For transient over-
expression, plasmids were transfected with polyethylenimine
(PEI; Polysciences, Warrington, PA; 23966) according to manu-
facturer’s instructions. For immunoprecipitation (IP) experiments,
cells were seeded 24 hours before transfection in a 10-cm plate,
using 2 plates per condition and 8 mg of indicated plasmids. For
qRT-PCR experiments, cells were seeded 24 hours before trans-
fection in 6-well plates using 1 mg of indicated plasmids.
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Quantitative RT-PCR
RNA was extracted according to the manufacturer’s in-

structions (Qiagen RNAeasy). Complementary DNA (cDNA)
was prepared using High-Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems, Foster City, CA;
#4368813). Quantitative PCR detection was performed us-
ing PowerUp SYBR Green Master Mix (Applied Biosystems;
A25742). Assays for each sample were run in triplicate and
were normalized to housekeeping genes Ppib or b-actin,
where data was expressed as mean ± SEM. Primer se-
quences are listed in Supplementary Table 6.

Immunoprecipitation and Immunoblotting
HEK293T cells were treated with doxycycline (Sigma-

Aldrich; D9891) 1 mg/mL to induce Flag-MTGs expression for 7
hours before lysate collection. Cells were washed and collected
with cold PBS and lysed in cold lysis buffer containing 150 mM
NaCl, 30 mM Tris (pH7.5), 1 mM EDTA, 1% Triton X-100, 10%
Glycerol, 0.5 mM DTT, protease and phosphatase inhibitor
cocktail (Thermo Scientific; 78446). After clarification by
centrifugation (18800 g for 30 minutes at 4�C), the cellular
lysates were precleared with IgG-agarose beads (Millipore,
Bedford, MA; 16-266 for 1 hour at 4�C). Immunoprecipitation
of Flag complexes was performed by incubating the cellular
lysates with anti-Flag-M2 affinity beads (Sigma; A2220) at 4�C
overnight. Immunocomplexes were washed with cold lysis
buffer 5 times, resuspended in lysis buffer containing sodium
dodecyl sulfate (SDS) sample buffer, and subjected to SDS-
polyacrylamide gel electrophoresis and western blot analysis.

Immunohistochemistry
For analysis of small intestine by immunohistochemistry,

tissues were fixed in 10% formalin and embedded in paraffin.
Sections were deparaffinized with xylene and rehydrated in a
graded series of ethanol. Antigen-retrieval was performed for 20
minutes at high temperature in citrate or tris-EDTA buffer. Slides
were then blocked and incubated overnight with anti-
Chromogranin A antibody (ab15160, Abcam, Cambridge, UK),
anti-lysozyme (A0099; Dako, Glostrup, Denmark), anti-
DCAMKL1 (ab37994; Abcam, Cambridge, UK), anti-VILLIN (sc-
58897; Santa Cruz Biotechnology, Dallas, TX), anti-MUC2 (sc-
15334; SantaCruzBiotechnology), anti-FABP1 (328607, Thermo
Fisher), anti-APOA4 (AF8125, R&D, Minneapolis, MN), anti-RBPJ
(RBPSUH [D10A4], Cell Signaling, Danvers,MA; 5313T), anti-GFP
(ab6673, Abcam) or negative control at 4�C. Finally, slides were
incubated with the secondary antibody for 1 hour, washed 3
times with PBS, incubated with peroxidase substrate, and
mounted. For immunofluorescence, slides were incubated with
Alexa 488 and Cy5 secondary antibody for 1 hour, washed 3
times with PBS, incubated with DAPI for 15 minutes to visualize
nuclear DNA, and mounted with ProLong Gold Antifade Mount-
ant (ThermoFisher; P36934). When indicated, sections were
stained for hematoxylin-eosin, alkaline phosphatase and Alcian
Blue–Periodic Acid–Schiff staining. EdU was detected according
to themanufacturer’sprotocol (Click-iTPlusEdUAlexaFluor555
imaging kit C 10638, Thermo Fisher Scientific) to evaluate
proliferating cell number. Eduþ cells were quantified in at least
10 crypts per mouse (n¼ 3 mice per group per condition).

RNAscope
Single-molecule in situ hybridization was performed on

mouse intestine as recommended by the manufacturer (ACD;
https://acdbio.com, user manual doc. 322310-QKG or 322500
for duplex detection). The probes used were against MTG8/
Runx1t1 (REF 434601), MTG16/ Cbfa2t3 (REF 474921),
Mtgr1/Cbfa2t2 (REF 491601), Atoh1 (REF 408791_C2), Lgr5
(312171), Olfm4 (REF 311831). Briefly, guts were fixed in
formalin O/N, paraffin-embedded and cut into 4-mm-thick
slices. Target retrieval was performed for 15 minutes, fol-
lowed by RNAScope Protease Plus incubation for 24 minutes
on the formalin-fixed paraffin-embedded Sample Preparation.
The counterstaining and mounting of the slides was per-
formed on a Tissue-Tek Prisma staining machine. RNAscope
staining quantifications were performed using ZEN blue
software in images acquired at �40 with a Zeiss Axio Scan.Z1
Slide Scanner. RNAscope score of 1 was assigned to the cells
with 1 to 3 dots of staining. Score 2 was for cells with bigger
number of dots and/or cluster of dots bigger than 3 mm2.

For combined RNAscope and immunofluorescence of
Mtg16 and Muc2, samples were first stained for Mtg16 using
the red channel of duplex RNAscope kit, followed by anti-
Muc2 immunostaining as described previously.

ChIP-seq
Isolated mouse crypts were dual cross-linked first in 2

mM Di(N-succinimidyl) glutarate (DSG; Sigma-Aldrich;
80424) for 45 minutes at room temperature followed by in-
cubation in 1% formaldehyde for 10 minutes as previous
described.3 The fixation was terminated by quenching with
glycine (Sigma-Aldrich; 50046) for 5 minutes at room tem-
perature. The samples were washed twice in PBS and resus-
pended in commercial lysis buffer containing protease
inhibitors from the MAGnify Chromatin Immunoprecipitation
System kit (Thermo Scientific; 492024). The chromatin was
sheared using the Covaris S2 sonicator (Covaris, Woburn, MA)
at 4�C for 10 minutes with the following settings; duty cycle
5%, intensity: 2, cycles per burst: 200, cycle time: 60 seconds.
The sonicated chromatin was incubated for one hour at 4�C
with Dynabeads protein A/G beads from the kit coupled to 10
mL of anti-MTG16 antibody (Abcam; ab33072) per IP; 10% of
the chromatin was used for the Inputs control. The beads
were washed with buffers supplied with the kit and samples
were de-crosslinked in buffer containing Proteinase K at 55�C
for 15 minutes according to the manufacturer’s instructions.
The DNA was purified using the DNA Purification Magnetic
Beads supplied with the kit and the eluted DNA was verified
using the Agilent Bioanalyzer. The DNA library for sequencing
was prepared using 20 ng of ChIP’ed DNA for the Kapa Hyper
Prep kit with 16 cycles of PCR amplification. The quality of the
final DNA library was confirmed on the Agilent Tapestation
before the samples were submitted to sequencing on the
HiSeq 4000 (Illumina, San Diego, CA).

ChIP-seq Analysis
ChIP sequencing typically generated w27 million 101 base

pair paired-end reads per sample. Adapter trimming was
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performed with cutadapt (version 1.9.1)4 and the resulting
reads were mapped to the mouse mm10 genome using BWA
(version 0.6.2).5 Reads that were properly paired, uniquely
mapped, and had an insert size �2 kb were kept for further
analysis.

Genome-wide peak calling was performed with MACS2
callpeak (version 2.1.1.20160309).6 Peaks common to both
Mtg16 replicates were carried forward for further analysis.
Motif discovery was carried out with the HOMER findMo-
tifsGenome.pl program (version 4.8)7 using its in-built
mm10 annotation with a peak size of ±50 base pairs
around the peak summit. The ChIP-Enrich package (version
1.10.0)8 was used for gene set enrichment analysis relative
to Gene Ontology (GO) biological process. Heatmaps and
metaprofiles were generated with deepTools (version
2.5.3).9 A scatterplot was generated to show the correlation
between the union set of peaks from both Mtg16 ChIP-seq
replicates. Read counting was performed with featur-
eCounts,10 and normalization was performed with the
normalize.quantiles function in R.

Atoh1 and DNase I hypersensitive data were obtained
from the Gene Expression Omnibus database (GSE51464),11

and reanalyzed in line with the methods described previously.

RNA-seq and Bioinformatics Analysis
RNA was extracted from isolated mouse crypts of full-

length small intestine of 3 WT and 3 Mtg16 �/� mice ac-
cording to the manufacturer’s instructions (Qiagen RNAeasy).

RNA integrity was examined using Bioanalyzer 2100 RNA
6000 Nano kit from Agilent. Libraries were generated ac-
cording to manufacturer’s instructions (KAPA RNA HyperPrep
with RiboErase (HMR) - KK8561) and 200 ng RNA input.

RNA sequencing was carried out on the Illumina HiSeq
2500 platform and typically generated w20 million 76 base
pair strand-specific single-end reads per sample. Adapter
trimming was performed with cutadapt (version 1.9.1)4 with
parameters “–minimum-length¼25 –quality-cutoff¼20 -a
AGATCGGAAGAGC”. The RSEM package (version 1.3.0)12 in
conjunction with the STAR alignment algorithm (version
2.5.2a)13 was used for the mapping and subsequent gene-
level counting of the sequenced reads with respect to
mm10 RefSeq genes downloaded from the UCSC
Table Browser14 on December 11, 2017. The parameters
used were “–star-output-genome-bam –forward-prob 0”.
Differential expression analysis was performed with the
DESeq2 package (version 1.12.3)15 within the R programming
environment (version 3.3.1). An adjusted P value (FDR, false
discovery rate) of�0.1 was used as the significance threshold
for the identification of differentially expressed genes.

Gene set enrichment analysis (GSEA) (version 2.2.3)16

pre-ranked analysis was performed using the Wald statistic
with respect to MSigDB (version 6.1) C2 canonical pathways,
C5 GO biological process, and custom signatures obtained
from the literature. All parameters were kept as default
except for enrichment statistic (classic), min size (5), and max
size (50,000).
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