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Abstract

BACKGROUND & AIMS: Notch signaling maintains intestinal stem celSGs). When
ISCs exit the niche, Notch signaling among earlygenitor cells at position +4/5 regulates
their specification toward secretory vs enterodyteages (binary fate). The transcription
factor ATOHL1 is repressed by Notch in ISCs; itsrepression, when Notch is inactivated,
drives progenitor cells to differentiate along gexretory lineage. However, it is not clear
what promotes transition of ISCs to progenitors aod this fate decision is established.
METHODS: We sorted cells from Lgr5-Gfp knock-in intestindsom mice and
characterized gene expression patterns. We analjdmdh regulation by examining
expression profiles (by quantitative reverse trapon PCR and RNAscope) of small
intestinal organoids incubated with the Notch imoib DAPT, intestine tissues from mice
given injections of the-secretase inhibitor dibenzazepine, and mice witlstine-specific
disruption of Rbpj. We analyzed intestine tissuesnf mice with disruption of the RUNX1
translocation partner 1 gene (Runxltl, also calMig8) or CBFA2/RUNX1 partner
transcriptional co-repressor 3 (Cbfa2t3, also daMigl16), and derived their organoids, by
histology, immunohistochemistry, and RNA sequencing/e performed chromatin
immunoprecipitation and sequencing analyses osimal crypts to identify genes regulated
by MTG16. RESULTS:. The transcription co-repressors MTG8 and MTG16emaighly
expressed by +4/5 early progenitors, compared witter cells along crypt—villus axis.
Expression of MTG8 and MTG16 were repressed by INatignaling via ATOHL1 in
organoids and intestine tissues from mice. MTG8d MiTG16-knockout intestines had
increased crypt hyperproliferation and expansiofiS@s, but enterocyte differentiation was
impaired, based on loss of enterocyte markers amctibns. Chromatin immunoprecipitation
and sequencing analyses showed that MTG16 boungrdmoters of genes that are

specifically expressed by stem cells (such as Lgral Ascl2) and repressed their



transcription. MTG16 also bound to previously répdrenhancer regions of genes regulated
by ATOH1, including genes that encode delta-likenaracal Notch ligand and other
secretory-specific transcription factolSONCLUSIONS: In intestine tissues of mice and
human intestinal organoids, MTG8 and MTG16 représsiscription in the earliest
progenitor cells to promote exit of ISCs from theiche (niche exit) and control the binary

fate decision (secretory vs enterocyte lineageebpyessing genes regulated by ATOH1.

KEY WORDS: niche exitlineage specification, chromatin remodeling, ldteraibition



Introduction

The intestinal epithelium renews every five daypr@cess that is driven by the ISCs
located at the crypt base. ISCs divide and givetosearly progenitor populations at the +4/5
cell position, where lineage specifications takacpl (Extended Data Figure %a)Notch
signaling plays a key role in lineage commitmerd afasticity. Activation of Notch drives
enterocyte differentiation, while Notch inactivatiade-represses the transcription factor
ATOH1, a master regulator of all secretory lineageaneth, goblet and enteroendocrine
cells®. This binary fate decision is believed to be dmiy®y the emerging expression of the
Notch ligand Delta-like (DII) family on early setoey progenitors, which activates Notch in
surrounding progenitor cells. This instructs thésaive' neighbors to take the opposite
(enterocyte) fate. This process is termed ‘latémbibition’ and is proposed to be under
ATOH1 regulatiod™®. DIl1+ secretory progenitors exert plasticity,. itaey can revert to
stem cells upon stem cell Id8sAlthough the signaling pathways regulating IS fare
well-defined, the underlying mechanism of how steetls commit to differentiation and
undergo the subsequent binary fate decision remanggly uncharacterized. Importantly,
transcriptional control and molecular markers oteercyte progenitors remain largely
undefined. Very recent studies propose that chronaatessibility plays a crucial role in fate
decisions and plasticity at the early progenitagét'**3

To delineate the early stem cell-daughter cell diteon, we studied transcriptional
control directly at the earliest progenitor cellthe +4/5 position upon niche exit. In this
study, we identified two transcriptional co-repsbhomologues, MTG8 and MTG16, that
are expressed in these early progenitors. MTG8 Mii@&16 were repressed by Notch
signaling both irex vivo organoids andh vivo. We further showed that the two co-repressors
play central roles in early fate decision of ISGsrépressing the stem cell gene expression

program andDIl expression for lateral inhibition. Previous stsdleave demonstrated that



MTG8 and MTG16 recruit chromatin-modifying enzymfes transcriptional regulatidfi
Together, our findings indicate a critical role f@fTG8 and MTG16 in niche exit and in

early fate decision of ISCs by regulating chromatinessibility of the target genes.

Materials and Methods

Please refer to the online Supplementary Mateftaldetailed additional Methods.

Animals and drug administration

All animal regulated procedures were carried owoseting to Project License constraints
(PEF3478B3) and Home Office guidelines and reguiati Lgr5-EGFP-IRES-CreERT2'°
mice were used for FACS sorting experimenRopj"™ mice'® were crossed with
VillinCreER!’ mice for inducible intestinal-specific deletiokltgl6”, Mtg8” and Mtgr1”
mice were kind gift from Scott W. HiebettgrSDTR-EGFP mice (kind gift from Genentech,
hereafter named dsyr5-GFP mice since only the GFP reporter element was usddis
study) were crossed wittMtgl6-/- mice to generateMtgl6-/-; Lgr5-GFP animals.
VillinCreER; Rbpj™™ or VillinCreER animals were injected with tamoxifen (Acros-Organi
416545000) intraperitoneally at 1.6 mg per 10g aferand collected at the indicated time
points. For proliferation analysis, animals wergated intraperitoneally with 30mg/kg EdU
2h before tissue collection. Edu treatment in nawljmups was performed the same as in
adults except that the pups were culled 20 mirr affection. Dibenzazepine (DBZ, Tocris,
4489) was administered to wild-type (WT) animalsdascribed previously Briefly, mice
were injected intraperitoneally twice the same ddyapart, with a dose of 100umol/kg DBZ
suspended in 0.5% (w/v) hydroxypropylmethyl-celkdo(Methocel E4M, Sigma-Aldrich,
94378) and 0.1% (w/v) Tween 80 (Sigma-Aldrich, PA)7i water or only the vehicle as a

control. Mice were collected at the indicated tipménts after the first injection.



Statistical analysis

Results are expressed as mean = standard erroheofmean (*R0.05, **P<0.01,
***P <(0.001). Statistical significance of mean values assessed using unpaired Student t-
test or analysis of variance, 1- or 2-way, followbg Tukey's or Sidak’s Multiple
Comparison Post-test respectively. The correspogndimmber of N and experiments are
indicated in the figure legends. Statistics werdquemed using GraphPad Prism 7 software

(La Jolla, CA).

Results
Expression of Mtg8 and Mtgl16 in a sub-population of +4/5 cells of intestinal crypt

To investigate the transcriptional regulation oénstcell fate and early lineage
commitment at the +4/5 progenitor stage, we andlylae expression profile of sorted LGR5-
GFP cells (GSE3649%) Rather than focusing on the GFP-high (LGR5-GFP sem cell
population, we examined the GFP-low (LGR5-GFP 2#,a8d 4+) fractions that represent
immediate daughter cells. This allowed us to idgnt#d/5 cell-enriched genes in the absence
of a specific molecular marker. Hierarchical clustg analysis revealed 525 genes that were
enriched in GFP-low populations (Supplementary F@guB and Supplementary Table 1).
These includeditohl, DII1 andDIl4 that have previously been reported to be expressed
the early secretory progenitd’s'® Among the 525 genes, we further screened for
transcription factors that were enriched in LGR5PA6w and absent in LGR5-GFP-high
stem cell populations. This resulted in the idésdifon of the two related transcriptional
regulatoraMitg8 andMtg16.

MTG8, MTG16 and MTGR1 (also known as RUNX1T1, CBHA&2and CBFA2T2
respectively) are transcriptional corepressors tuaprise the myeloid translocating gene

(MTG) family**® Quantitative reverse transcription (RT)-PCR conéd the enriched



expression oMtg8 andMtgl6 in LGR5-GFP-low early progenitors in the crypteniar to
Atohl (Figure 1A and Supplementary Figure 1C). RNAscapalysis further demonstrated
enriched expression &ftg8 andMtgl6 at +4/5 cell positions directly above the LGR5€IS
compartment (Figure 1B-D), whiMtgrl was expressed throughout the crypt (Figure 1A, B).
Quantification of the RNAscope signal confirmedttheajority of Mtg8+ cells were present
at positions 4 and 5 (31.5% and 25.3% respectiv@jle Mtgl6+ cells were distributed
throughout the lower crypt with a peak frequencyasitions 4 and 5 (24.7% and 12.6%
respectively) (Figure 1C). RNAscope co-stainingHar revealed that expression Mtgl6
was mostly exclusive withgr5 but co-localized withAtohl at the crypt bottom, indicating
that Mtgl6 is also expressed by Paneth cells (EiglD). It is worth noting that the
RNAScope signal oMtglé was significantly stronger at positions 4 and antlin Paneth
cells (Figure 1F, Supplementary Figure 1D), indrgathatMtgl6 is indeed enriched in early
crypt progenitors. Expression bftg8 was mostly exclusive fromtohl (Figure 1E), while
Mtgl6 was expressed in bottohl+ and Atohl- populationsin the early progenitors in
roughly equal proportions (Figure 1D, @Jtg8 was also found to co-localize wititgl6
(Supplementary Figure 1E). In addition, co-stainifigtgl6 and Muc2 showed thafitgl6
was also expressed in a small subset of goblet tedt were mainly localized at the crypt-
villus junction (red arrows in Supplementary Figui€). We also observed stromal
expression oMtgl6 in the intestine (Figure 1B, white arrows in Sugpéntary Figure 1F).
Since MTG16 is required for hematopoietic proganiell fate decisiofl, it is highly likely
that the mesenchymal expression Mfgl6 is localized to hematopoietic cells. Taken
together, our data suggest that a subpopulatied/&f cells expreskitg8/16 and are negative
for Atohl. Of note, Mtg8 transcript levels were very low in abundance tgrmut the
intestinal tissue, suggesting that its expressigghtrbe transient and dynamic under strict

regulation at the +4/5 cells.



Mtg8 and Mtgl6 ar e negatively regulated by Notch signaling

Since Mtgl6 expression partially overlaps wi#tohl expression in +4/5 cells, we
asked whether the co-repressors are regulated bghNagnaling. Mouse small intestinal
organoids were treated with the Notch inhibitor DARIlowed by gRT-PCR analysis. As
expected, DAPT-treated organoids showed signifisappression of Notch signaling and de-
repression oAtohl andDII1, while secretory lineage markers were upreguléteglire 2A).
Remarkably, bothMtg8 and Mtgl6, but notMtgrl, were significantly upregulated upon
DAPT treatment (Figure 2B). We observed similarpragulated expression MTG8 and
MTG16 in DAPT-treated human intestinal organoids, intinga that the Notch-controlled
expression of the two genes is conserved in huBapglementary Figure 2A).

To confirm the Notch regulationn vivo, we depleted the Notch downstream
transcription factorRbpj for 3-6 days. Loss oRbpj resulted in a progressive drift of
differentiation towards the secretory lineage, corent with increasedtohl expression
(Figure 2C; Supplementary Figure 2B, C). Consisteith the organoid data, qRT-PCR
analysis showed robust upregulationMtig8 and Mtgl6 in the intestinal crypts upoRbpj
lossin vivo, while Mtgrl expression was unchanged (Figure 2C). Interestimgipression of
Mtg8 andMtgl6 was also significantly increased at day 4 peist; deletionin vivo, when
most of the differentiation markers remained ungeah (Figure 2C and Supplementary
Figure 2C, D). RNAscope staining confirmed upregiafaof Mtg8 and Mtgl6, and loss of
the ISC markekgr5 uponRbpj deletion (Figure 2D, E). We further validated fimelings by
treating WT animals with thg-secretase inhibitor, dibenzazepine (DBZ), as &errative
Notch inactivation model, which again resulted ipragressive shift towards the secretory
lineage (Supplementary Figure 2E). Similar to Riypj deletion data, expression Afohl,

Mtg8 andMtgl6 was significantly upregulated immediately afteratment (1-2 days) (Figure



2F and Supplementary Figure 2F), confirming that®8Tand 16 are repressed by Notch
signaling. Previous data have suggested regiorfédreinces in Notch signaling in the
intestine, where proximal duodenum shows higherchdaignaling than distal parts of
ileun?® In agreement, higher expression Aibhl and Mtgl6 was observed in the distal
ileum (Supplementary Figure 2G).

Since the secretory progenitor marker ATOHL1 is atgwessed by Notch signaling in
+4/5 cells, we asked whether the Notch-regulafitgB andMtgl6 expression is dependent
on ATOHL1 usingAtohl floxed organoids. Indeed, the DAPT-induced expressiavitgB and
Mtgl6 was abrogated upoAtohl deletion, indicating thakMtg8 and Mtgl6 expression is
mediated by Atohl (Figure 2G). Furthermore, ectapipression of ATOH1 in HEK293T
cells was able to inducTG8 and MTG16 expression (Supplementary Figure 2H),
indicating that the Atohl-mediated MTG express®imdependent of change of cell fate. To
verify the hierarchical regulation of ATOH1 and M8(&6, we further examined their
expression dynamics in a short time-course DAPRtinent of organoids. The results
demonstrated thaitohl was significantly upregulated 12hr after DAPT intlon, whereas
Mtgl6 was only upregulated 15hrs after induction (Sumgletary Figure 21)Mtg8 remained
unchanged during the first 16hrs of DAPT treatm@&he data suggest that the expression of
Mtg8 and Mtgl6 is likely to be driven by Atohl at different dynmsi We conclude that
MTG8 and MTG16, but not MTGR1, are repressed bycNasignaling indirectly via ATOH1

in the intestine.

L oss of Mtg8 and Mtgl6 induces hyper proliferation and expansion of 1SCs
The Notch regulated expressionMfg8 andMtgl6 in +4/5 cells led us to investigate
whether the co-repressors play a role in ISC faeistbn. We analyzed thigltg8-/- and

Mtgl6-/- animals. Mtgl6-/- mice were healthy and viable, whildtg8-/- and double
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knockout (DKO) animals died shortly after birth, accordance with previous findirfgs>
We then proceeded to analyikgl6-/- and DKO newborn pups. The intestine obtained from
DKO pups was significantly shorter than from WT,igthwas consistent with the Mtg8-null
phenotype (Supplementary Figure 3A)Both Mtgl6-/- and DKO animals showed
significantly increased proliferation in the intaltus regions that would later give rise to
crypts (Figure 3A and Supplementary Figure 3B).dlibt, Edu+ cells were also detected in
the villi of the DKO intestine, indicating that ¢pelial cell proliferation was extended
beyond inter-villus regions to the villi. Next, vemalyzed whether the increase in the inter-
villus epithelial cell proliferation is accompaniday upregulated ISC gene expression.
RNAscope and gRT-PCR demonstrated that the ISC end&dg5 and its transcriptional
activator Ascl2 were both significantly upregulated in the mutaiggure 3B). Similarly,
significant increases in crypt proliferation andCl$narkers I(gr5 and Olfm4) were also
observed inMtgl6-/- adult intestine (Figure 3C, D and Supplementagufé 3C, D). Co-
staining ofLgr5 and Atohl confirmed significantly increaseldgr5 expression in the trans-
amplifying region above the Atohl+ progenitors ire tmutant intestines (Supplementary
Figure 3E). We further generatéttgl6-/-;Lgr5-GFP mice to label the endogenous LGR5+
ISCs. In agreement with the RNAscope observatiansincreased number of GFP+ ISCs
were detected in thdtgl6-/- adult intestine, confirming the ISC expansion pitgpe
(Supplementary Figure 3F).

To test whether the stem cell-repressive role of@Qd& is cell-intrinsic, we further
examined the colony formation capacity of WT andantiorganoid&x vivo in the absence
of any stromal niche. We confirmed thisitgl6-/- organoids grew faster than the WT
controls, suggesting that the stem cell repressie of MTG16 is indeed cell-intrinsic
(Figure 3E). Similarly, organoids derived frolttgl6-/- and DKO newborn intestine also

grew significantly faster than the WT counterp@figiure 3F and Supplementary Figure 3G).
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We further challenged the organoids by reducing Wiet agonist R-spondin (RSPO)
concentration. Neither WT nor MTG mutant organostisvived in the absence of RSPO.
However, Mtgl6-/- and DKO organoids grew significantly better in tloev-RSPO (2%)
condition with fewer collapsed organoids and moealthy branching organoids compared
with WT (Figure 3G). The results suggest that MTQO Krganoids have a growth advantage
in the low-RSPO condition but are still dependent exogenous Wnt signaling for ISC
survival. Since MTG16 is expressed in Paneth celésasked whether the increase in crypt
proliferation and stem cell markers Mtgl6-/- intestine is caused by dedifferentiation of
Paneth cells, which has recently been reported ¢ouro upon injur§’. However,
immunostaining of WT aniitg16-/- tissue did not show any co-localization of Raneell
marker lysozyme and proliferation marker Ki67 (Seppentary Figure 3H), indicating that
the increase in stem cell gene expression upon N6TIB4s is caused by stem cell de-
repression in the early progenitors rather tharetPacell plasticity. Together, we tentatively
conclude that MTG8 and MTG16 regulate niche exihat+4/5 cells by repressing the ISC

fate and proliferation.

Mtg8 and Mtgl6 deletion impairsintestinal lineage specification

MTGR1 has previously been shown to be required ifbestinal secretory cell
differentiation in adult tissd&@ We therefore asked whether loss of MTG8/16 waltdr
lineage selection in the intestine. Since intestthHerentiation is incomplete in newborn
animals, we decided to focus on analyziMtgl6-/- adult intestine.Reduced goblet cell
numbers (AB-PAS) were observedNtigl6-/- adult intestine (Supplementary Figure 4A, B).
This is in concordance with the previously reporf#enotype oMtgl6 null animalé®.
Similarly, there was a tendency towards reductibenterocyte markers (Villin and Alkaline

Phosphatase) in the mutant intestines (Supplemerigure 4A). We believe that the

12



moderate alteration of terminal differentiation higpe due to the redundant role of Mtg8. To
provide a global, unbiased picture of gene expoasshanges in the mutant animals, we
further performed transcriptional profiling on tM¥T and Mtgl6-/- intestine. RNA-seq
analysis revealed 478 genes that were differeptiakpressed uporMtgl6 deletion
(Supplementary Figure 4C, D, Supplementary Table€ahsistent with the increased crypt
proliferation observed in Figure 3, Wnt and ster signature$®?” were both significantly
upregulated upon loss of MTG16 (Figure 4B). Intenggy, we further observed significant
reduction of enterocyte markers and upregulatioseafetory markers such as Paneth cells
and enteroendocrine cells in th#gl6 mutant intestine (Figure 4A). Of note, RNA-segadat
did not reveal significant alteration of gobletlaalarkers. Comparison of various enterocyte
markers with the previously published single-celNRseq data (GSE92332) revealed
differential expression of the markers between meatand immature enterocyfds In
particular, Alpi expression did not distinguish between mature iamdature enterocytes,
while other markers such a&poad, Fabpl and Fabp2 were preferentially expressed in
mature enterocytes (Supplementary Figure 4E). OUA-Req data suggested that deletion of
Mtg1l6 results in a loss of mature enterocyte markedeed, a clear reduction of FABP1 and
APOA4 proteins was observed in tiMtgl6-/- intestine, indicating that loss of MTG16
inhibits enterocyte differentiation and maturatigigure 4C). Gene set enrichment analysis
(GSEA) further confirmed the loss of absorptivensityres (Figure 4D) and enrichment of
secretory signatur®®’ (Figure 4E) in theMtgl6-/- intestine. To further demonstrate the
functional defect of the MTG mutant intestine, wamined the disaccharidase (brush border
enzyme) activity in the WT anmblitgl6-/- organoids (Figure 4F). Downregulated expression
of mature enterocyte markers was confirmed/ligl6-/- organoids (Figure 4G). Consistent

with our observation of impaired enterocyte diffegrationin vivo, the disaccharidase activity
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of the adultMtgl6-/- organoid was significantly reduced when compakedMT control
organoids (Figure 4H).

Taken together, our data support the notion thatGNWE represses stem cell
proliferation and promotes enterocyte over secydioeage differentiation. Interestingly, we
also noted enrichment of chromatin remodeling grdenetic regulatory genes in thigl6
mutant intestine (Supplementary Figure 4F), sugugdhat the co-repressor MTG16 may

regulate gene expression by chromatin remodeling.

Mtgl6 bindsto I SC signatur e genes and Atoh1-targets for niche exit and fate decision

To investigate how the co-repressors regulate 186egexpression program and
lineage selection, we then performed chromatin imopuecipitation coupled-deep
sequencing (ChlIP-seq) to identify the MTG targetofiiee capture the physiological binding
targetsin vivo, intestinal crypts were isolated 4 days afiRbpj-depletion to enhance
endogenous MTG16 expression, while most of theewdfftiation markers remained
unaltered (Figure 2C, D and Supplementary Figure@CMTG16 ChlP-seq identified 7843
reproducible binding sites (Figure 5A, Supplemgntaigure 5A and Supplementary Table
3). Gene ontology (GO) analysis of MTG16 targetseated enrichment of genes associated
with Wnt and Notch signaling, as well as histonedifying genes (Figure 5B and
Supplementary Table 4). Comparison between the -8adPand RNA-seq data showed that
35% of the genes differentially expressed upigl6 deletion harbored MTG16-binding
sites within 5kb of the transcription start siteSQ) (Supplementary Figure 5B), where the
odds of genes being differential were observedetanbreased by a factor of 2.4 (p<2e-16,
hypergeometric test)n particular, we observed clear MTG16 binding signover the key
ISC gened_gr5 andAscl2 (Figure 5C). These sites coincided with the presfipueported

regulatory regions in these geffes’ MTG16 also bound to the promoter regions of other
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Wnt targets such a&xin2, Myc and Sox9, suggesting that MTG16 represses ISC signature
genes and Wnt targets through direct binding tar tiegulatory sequences (Supplementary
Figure 5C). This result was consistent with our epbation thatLgr5 and Ascl2 are
upregulated upon MTG8 and MTG16 loss (Figure 3B, D)

Since MTG8 and MTG16 are repressed by Notch siggah +4/5 cells, we asked
whether they play a role in lineage selection, kinmio ATOH1. We compared our MTG16
ChliP-seq data with the previously reported ATOH1RC$eq and DNase | hypersensitivity
(DHS, a measure of chromatin accessibility) datgexretory- or enterocyte-progenitors (SP,
EPY. A striking overlap (84.08%) between MTG16 and ATDbinding sites was observed
between the two datasets, suggesting that MTG16 asy be involved in fate decision
(Figure 5D, E).

ATOH1 has previously been reported to drive latarddibition and to set the
secretory fate by regulating expression of EieNotch ligand$®. We analyzed the ChlIP-
seq profiles of the Notch ligand@¥|1 and DII3. Remarkably, we found that MTG16 bound to
the previously reported ATOH1-enhancer regions othbDII1 and DII3 (Figure 5F).
Interestingly, loss of or reduced levels of DHS evebserved in enterocyte progenitors
compared to secretory progenitors at the regionsreviMTG16- and ATOH1-binding
overlapped (Figure 5F). These results suggesMi&16 binds to the ATOH1-bound loci to
reduce chromatin accessibility Dfl genes in enterocyte progenitors for lateral irttohiand
early fate decision. Similar t®Il ligands, MTG16 also occupied most of the reported
ATOHZ1-binding sites in all secretory signature gemeludingSpdef, Gfil andNeurog3 with
reduced DHS levels in EP (Figure 5F). Given that@/roteins repress gene transcription
by recruiting various chromatin-modifying enzymesy( histone deacetylas&'s\we propose
that MTG8/16 regulate lateral inhibition and bindage decisions of +4/5 progenitors by

repressing ATOH1-mediatedll ligands and secretory signature gene transcriptiadeed,
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de novo motif analysis identified an MTG16 consensus mahiat was matched to the
reported ATOH1 motif, suggesting that MTG16 occepiTOH1-bound enhancers to
regulate lineage specification (Figure 5G and Sempentary Table 5). Co-
immunoprecipitation analysis further confirmed thieysical binding of ATOH1 with both
MTG8 and MTG16 (Supplementary Figure 5D). ConsityenPATOH1-mediatedDLL1
expression was significantly downregulated by MT@81TG16 expression (Supplementary
Figure 5E). In addition to ATOH1, MTG family memkehave previously been shown to
interact with TCF4 for transcriptional suppressforiTogether, our findings support the
notion that the MTG co-repressors bind to the tapsSon factors TCF4-catenin and
ATOHL1 to repress the stem cell program &tldexpression for lateral inhibition. We further
noted that MTG16 bound strongly to its own locuswasl as to the promoter regions of
Mtgrl andAtohl (Supplementary Figure 5F), while MTG16 has recebdgn reported as an
ATOH1 target®. The data imply that ATOH1 and the MTG family ttugr contribute to a

‘cross-over’ feedback loop in +4/5 cells to regeledpid, dynamic fate decisions.

Discussion

Extensive studies in the past have focused omacteizing the signaling pathways
regulating ISCs, yet it has remained elusive how tightly regulated ISC fate remains
restricted to a fixed number of proliferative cediisthe crypt base. Paneth cells have been
shown to constitute the essential niche to defB@ identity>** yet functional ISCs can be
maintained upon Paneth cell ablaf®dH. Therefore, it remains unclear how Paneth cells
contribute to ISC homeostasis. The undifferentiatedls immediately above the ISC
compartment (+4/5 progenitors) are heterogeneoutenms of marker gene expression.

ATOH1 marks a sub-population of +4/5 cells that dnaantered the secretory lineage

differentiation and mediate lateral inhibitfoh while molecular markers of the remaining
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+4/5 progenitors entering the absorptive enteroajfterentiation have not yet been
identified. Here we report that the Notch-repressadscriptional co-repressors MTG8 and
MTG16 are expressed in +4/5 progenitors to switifhthee stem cell expression program.
Our current findings provide insights into the urigiag mechanism of ISC fate decisions
(Figure 6A). Our data support the notion that thetth-off’ state is the first “priming” step
to drive ISC-daughter cell transition by committitegtransient bi-potent progenitors, which
is consistent with the recently proposed “multelige progenitor” population as the earliest
progeny of LGR5+ stem ceffs When an ISC occupies the +4/5 cell position are$$ its
contact withDlI-expressing Paneth cells (niche exit), Notch igdved off as a consequence,
thereby de-repressing ATOH1l, MTG8 and MTG16. Theremessors then drive
differentiation by switching off the Wnt-mediate®Q gene expression program in the
immediate progenitors, leading to transient aciwvabf the whole differentiation program.
This is consistent with the data obtained from tiore-course DAPT-treated organoids,
where downregulation of ISC markers was accompahietransient upregulation of both
absorptive and secretory lineage markers upon ebidych inhibition (Figure 6B).
Subsequently, ATOH1 and MTG8/16 work together iesth naive bi-potent progenitors to
control lateral inhibition and binary fate decisifffigure 6A). Our findings uncover a novel
role of MTG8/16 in promoting enterocyte differetitten by direct repression of ATOH1-
mediated secretory differentiation amdl ligands expression. The differential expression
dynamics ofAtohl, Mtg8 and Mtgl6 and their potential negative feedback network may
perhaps explain the heterogeneity within the eprbgenitor population. MTG16 is initially
co-expressed with ATOH1 immediately after nichet @xid Notch inhibition. Subsequently,
MTG8 and MTG16 expression starts to dominate apdess ATOH1 expression, resulting
in MTG8/16+ATOHL1- cells. It is conceivable that thete decision at these progenitors is

dependent on the expression dynamics of ATOH1 am@ Mnterestingly, two recent studies
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showed direct binding of HES1 to the promoteMi§j16>°*° suggesting that MTG8/16 may
also be actively repressed by Notch directly vigSHiEat the ISCs. It is also worth noting that
all DIl ligands are transcriptional targets of ATOH1 and@@®A6, includingDII3 that has
previously been reported to function exclusivelcasinhibition rather than trans-activation
of Notch signalling". This may imply a previously underappreciated mieDLL3 in the
dynamic lateral inhibition and fate decision in tharly progenitors, where DLL1/4 trans-
activate Notch in the neighboring cells and DLLABibits Notch cell-autonomously.

Previous studies have shown that MTG16 is requdoedjury-induced epithelial cell
survival and regeneration in the intestfi& Interestingly, increased proliferation Idtg16-
depleted intestine has been demonstrated, althtlughunderlying mechanism remained
uncharacteriséd More recently, increased B-CATENIN staining hkso &een observed in
MTG16-deleted colitis-associated tumdtrsuggesting a potential Wnt inhibitory role of
MTG16. In the current study, we focused on charattey the mechanistic role of MTG in
normal intestinal stem cell homeostasis. Beyond itieease in crypt proliferation as
previously reported, we further observed a sigaificincrease in stem cell number in the
MTG mutants. Global genomic and transcriptomic gsial further revealed that MTG16
binds to the gene loci of stem cell and Wnt sigregienes for transcriptional repression. Our
data on the Notch-regulated MTG expression at p4fgjenitor cells provide mechanistic
insight into how MTG regulates stem cells and thet Wanscriptional program under normal
stem cell homeostasis, which will help understamel tumor suppressive role of MTG in
colorectal cancéf.

Regulation of chromatin accessibility has receriiBen reported in these highly
dynamic progenitors for fate decision and plasficit’® It is believed that dynamic
reorganization of chromatin remodeling controls iiyeid, dynamic lineage specifications of

early progenitors, as well as permitting dediffeéieion of progenitors into stem cells upon
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damage. However, the underlying mechanism of howerchtin remodeling is regulated
remains unknown. The discovery of the co-represdtigd/16 in the +4/5 cells offers a
compelling explanation for this epigenetic reguatiby recruiting various chromatin-
modifying enzymes to stem cell- and lineage-speaijfenes for dynamic fate decisions.
Controlling the expression of MTG8 and MTG16, viatdh signaling upon damage could
allow the early progenitors to reacquire multipatenby de-repressing the ISC gene
expression program. It is interesting to note M&GR1 is not regulated by Notch signaling
despite the previously reported role in secretorgdge differentiatiofi. Since our ChIP-seq
data revealed that MTGRL1 is a transcriptional taafeMTG16, it is conceivable that the
MTG family function together with ATOHL1 to drivetiadecision via transcription activator-
repressor network and chromatin remodeling. Oudifigs provide a direct link between
Notch signaling and chromatin remodeling for IS@& fdecision. Further characterization of
MTG8, MTG16 and MTGR1 targetomes will help undemsitgheir transcriptional regulation

of ISC fate as homodimer or heterodimer.
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Figure Legends

Figure 1. Expression ofMtg8 and Mtgl6 in the +4/5 early progenitor cells. (A) FACS
isolation of GFP high and GFP low cells from thgr5-EGFP-IRES-CreERT?2 intestinal
crypts. gRT-PCR analysis of the indicated genesha two populations. Data represent
mearts.e.m. from biologically independent animals (n=3%<0.05, **P<0.01,
***P <(0.001, two-sided t-test. (B) RNAscope brown staanaf Mtg8, Mtgl6 andMtgrl in
intestinal crypts from WT mice. (C) QuantificatiohMtg8 andMtgl6 RNAscope staining in
(B) along the crypt. Data represent meane.m. from biologically independent animals
(n=3). (D, E) RNAscope duplex stainingtgl6 (D) or Mtg8 (E) (blue) withAtohl or Lgr5
(red) in WT intestinal crypts. Empty arrows indee@xclusive staining, black arrows indicate
co-localized staining. (F) Quantification bftgl6 RNAscope signal (area of dots) in Paneth
cells and progenitor cells. Data represent mese.m. from biologically independent
animals (n=3). *F<0.01, two-sided t-test. (G) Quantification ®fitgl6+Atohl+ and
Mtgl6+Atohl- cell populations in early progenitors (+3-5 pimsis) from the RNAscope
staining in (D). Scale bars, 20um.

Figure 2. Mtg8 and Mtgl6 are regulated by Notch signaling. (A, B) gRT-PQRalgsis of
WT mouse intestinal organoids treated with Notdhibitor DAPT for 2 and 3 days. Data
represent means.e.m. from biologically independent small intestimrganoid isolations
(n=3). The experiment was performed twice.<®.05, **P<0.01, **P <0.001, two-sided
t-test. (C) gRT-PCR analysis of intestinal epithedi from Villin CreER and Villin
CreER; Rbpjfl/fl mice collected at indicated days after tamoxifieduction. Data represent
meart s.e.m. from biologically independent animals (n=¥ group). Three independent
experiments were performed. ¥9.05, *P<0.01, **P <0.001, two-way ANOVA. (D)
RNAscope brown staining ¢fitg8, Mtgl6 andMtgr1 in intestinal tissue obtained frovfllin
CreER andVillin CreER;Rbpjfl/fl mice collected at day 4 post-tamoxifen inductidmows
indicate Mtg8+ cells. Scale bars, 50um. (E) RNAscdpplex staining oMtgl6 (blue) and
Lgr5 (red) in intestinal tissues of the indicated ggpes at day 6 post-tamoxifen induction.
(F) gRT-PCR analysis of intestinal epithelium fré%l mice collected at the indicated days
after DBZ or vehicle treatment. Data represent itemp.m. from biologically independent
animals (n=3 per group). *0.05, *P<0.01, **P <0.001, two-way ANOVA (G) qRT-
PCR analysis of DAPT-treatedllin CreER and Villin CreER; Atoh1fl/fl organoids induced
with 4-OHT. Data represent meas.e.m. The experiment was performed 4 timess 6F05,
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*P <0.01, **P<0.001, compared to untreated control group;<®F05, ##F<0.01,
compared to DAPT treated control group, two-sidéesbt.

Figure 3. Loss ofMtg8 andMtgl6 increases ISC numbers and proliferation. Intektissues
were collected from newborn (P0) (n=4-5 for eachaggpe) (A, B) or adult mice (n=3-6
mice per group) (C-E) for analysis. (A) EdU stamishowing increased proliferation in
Mtgl6-/- and Mtg8-/- Mtgl6-/- animals compared to WT. Graphs showing EdU+ cells
distribution along the crypt and quantitation oflHdcells per inter-villus region in WT,
Mtgl6-/- and Mtg8-/-Mtgl6-/- intestine. Data represent meas.e.m. of three independent
experiments. At least 10 representative crypts ggemal have been analyzed. (Byr5
RNAscope staining and gRT-PCR showing increased ¢f6@e expression in newborn
Mtgl6-/- and Mtg8-/-Mtgl6-/- tissues. Data represent measie.m. of three independent
experiments (n=4 per group). ¥0.05, *P<0.01, **P <0.001, 1-way ANOVA. (C) EdU
staining in WT andVitgl6-/- adult intestine. (D).gr5 andOIfm4 RNAscope brown staining
in small intestinal tissue from WT arMtgl6-/- adult mice. (E) Colony formation assay of
small intestine organoids isolated from WT ahttigl6-/- adult mice. Data represent
meart s.e.m. of two independent experiments (n=6 micegpeup). *P<0.05, **P<0.01,
***P <(0.001, two-sided t-test. Scale bars, 100um (B-DPOum (E). (F) Colony formation
assay of small intestine organoids derived from \Wig16-/- andMtgl6-/-Mtg8-/- newborn
pups. Data represent mean.e.m. of three independent experiments (n=2-4 peceyroup).
***P <(0.001, 1-way ANOVA. (G) Representative images singwiewborn organoids of the
indicated genotypes cultured in 5% or 2% RSPO ¢mmdi for 3-4 days. Scale bar, 1000um.
Right, quantification of the organoids health statoaintained in 2% of RSPO condition.
Data represent meas.e.m. of two independent experiments (n=2-4 miee group).
**P <0.01, **P <0.001 compared to WT, 1-way ANOVA. #0.05, ##R< 0.01 compared
to Mtgl6-/-, 1-way ANOVA.

Figure 4. Mtg8 andMtg16 deletion impairs intestinal lineage specificatitmestinal tissues

were collected from newborn (P0O) (n=4-5 for eachoggpe) (A) Heatmap showing genes
differentially expressed in WT anMtgl6-/- intestine. (B, D, E) Gene Set Enrichment
Analysis (GSEA) probing (B) Wnt/Stem cell signatgenes, (D) intestinal absorption and
digestion and (E) secretory signature genes. (BBAand APOA4 immunostaining in adult
WT andMtgl6-/- intestinal tissue. (F) Scheme showing the disattase assay performed
in organoids. (G) qRT-PCR of mature enterocyte markin adult WT and Mtgl6-/-
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organoids. (H) Glucose levels detected in the swgiant of intestinal organoids of the
indicated genotypes after 1hr sucrose incubati®x 0.05, **P<0.01, *P <0.001, two-
sided t-test.

Figure 5. MTG16 binds to ISC- and secretory lineage-signatyeree loci. (A) Genome-wide
distribution of 7843 Mtgl6-binding sites. (B) GO adysis identified ontology terms
associated significantly with MTG16 targetome, utthg Wnt, Notch and Ephrin pathways
as well as in histone modifying genes. (C) ChiP-datp showing MTG16 binding signal
(per million reads) to ISC gene lodigr5 and Ascl2). (D, E) Composite profile (D) and
heatmap (E) showing striking overlap between ATCOdMd MTG16 binding sites (7843
sites). (F) ChlP-seq data showing MTG16 bindinghaigper million reads) to previously
reported ATOH1-enhancer regidhgasterisk) of the indicated gene. Reduced leveBHS

in enterocyte progenitors (EP) versus secretorggnibors (SP) are indicated by dotted box.
(G) MTG16de novo motif matches with previously reported ATOH1 an8@L1/2 motif.

Figure 6. Proposed model for intestinal stem cell hierarchy. (A) Updated ISC fate model.
See text for details. (B) gRT-PCR analysis of thdidated genes after 1, 2 or 3 days of
DAPT treatment. On the right, illustration of exgg®n kinetics of the stem cell, secretory
and enterocyte markers upon time-course Notch itmbib *P<0.05, **P<0.01,
***p <0.001, two-sided t-test.
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Supplementary Figure 4
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Supplementary Figure 5
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What you need to know:

Background and Context: Notch signaling maintainsintestina stem cells (ISCs) and
determines whether early progenitor cells devel op along the secretory or enterocyte lineage. The
transcription factor ATOHL1 is repressed by Notch in ISCs; its de-repression causes precursor
cellsto differentiate along the secretory lineage.

New Findings: In the intestine, MTG8 and MTGL16 are repressed by Notch signaling indirectly,
via ATOHZ; this promotes exit of |SCs from their niche and regulates progenitor lineage
specification, by repressing ATOH1-target genes.

Limitations: This study was performed in mice and human intestinal organoids. Studies of mice
with intestine-specific knockout of MTGS8 are needed, determine phenotypes of adult intestine.

Impact: MTG8 and MTG16 are chromatin modulators that regulate differentiation of 1SCsinto
secretory vs enterocyte lineages.

Lay Summary: This study identified chromatin modulators, named MTG8 and MTG16, that
regul ate differentiation of intestinal stem cells and might be important for studies of intestine
tissue regeneration.



