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SUMMARY

Intestinal crypts have great capacity for repair and regeneration after intestinal stem cell (ISC) injury. Here, we define the cellular remod-
eling process resulting from ISC niche interruption by transient Notch pathway inhibition in adult mice. Although ISCs were retained,
lineage tracing demonstrated a marked reduction in ISC function after Notch disruption. Surprisingly, Notch ligand-expressing Paneth
cells were rapidly lost by apoptotic cell death. The ISC-Paneth cell changes were followed by a regenerative response, characterized by
expansion of cells expressing Notch ligands DII1 and DIl4, enhanced Notch signaling, and a proliferative surge. Lineage tracing and or-
ganoid studies showed that DIl 1-expressing cells were activated to function as multipotential progenitors, generating both absorptive and
secretory cells and replenishing the vacant Paneth cell pool. Our analysis uncovered a dynamic, multicellular remodeling response to
acute Notch inhibition to repair the niche and restore homeostasis. Notably, this crypt regenerative response did not require ISC loss.

INTRODUCTION

As one of the most rapidly renewing tissues, the intestine
has a great capacity for regeneration. Under homeostatic
conditions, Lgr5+ crypt base columnar stem cells (CBCs)
are responsible for replenishing the intestinal epithelium
throughout life (Barker et al., 2007). This intestinal stem
cell (ISC) population generates highly proliferative transit
amplifying progenitors which differentiate into various
mature epithelial cell types. Most newly formed differenti-
ated cells move out of the crypts and onto the villi, where
they function in absorption or secretion before being
extruded into the lumen, with a half-life of several days.
The exception is Paneth cells, which move to the crypt
base to lie adjacent to CBCs, with a half-life of several weeks
(Ireland et al., 2005).

When CBCs are lost, other crypt cell populations can
replace their function, acting as facultative stem cells
([FSCs] also called +4 cells, reserve stem cells, or quies-
cent stem cells) by reentering the cell cycle to generate
progeny that can maintain the epithelium during the
repair process and to occupy vacant stem cell niche
spaces to replace lost CBCs (Bankaitis et al., 2018). FSC
activation after intestinal injury has been demonstrated
by lineage tracing from several different Cre drivers
that mark various lineage-committed (Alpi, DII1) or
slowly cycling (Bmil, Hopx, Lrigl, mTert) crypt progenitor
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cell populations (Montgomery et al., 2011; Powell et al.,
2012; Roth et al., 2012; Sangiorgi and Capecchi, 2008;
Takeda et al., 2011; Tetteh et al.,, 2016; Tian et al.,
2011; van Es et al., 2012; Yan et al., 2012), as well as
differentiated Paneth (Defa4, Lyzl) or endocrine (Neu-
roD1) cells (Jones et al., 2019; Sei et al., 2018; Yu et al.,
2018). Thus, in response to stem cell injury, numerous
cell populations in the intestinal crypt exhibit remark-
able cellular plasticity to reprogram their cell fate and
function like stem cells to regenerate the crypt and re-
turn to homeostasis.

Adult stem cells are regulated by their niche, the tissue-
specific microenvironment of cells, secreted substances,
and extracellular matrix that provide key signaling factors
to orchestrate stem cell function. In the intestine, the
stem cell niche includes both epithelial and stromal cell
compartments (Santos et al., 2018). Wnt/R-spondin and
Notch signaling have been identified as the primary niche
pathways promoting ISC self-renewal, with pathway
disruption leading to CBC loss and crypt collapse. While
ISC Wnt signaling is regulated by ligands secreted from
both epithelial and stromal cell sources (Degirmenci
et al., 2018; Farin et al., 2012; Greicius et al., 2018; San Ro-
man et al., 2014; Shoshkes-Carmel et al., 2018), Notch
signaling in the crypt is likely to be epithelial specific
because it requires direct cell-to-cell contact (Dempsey
et al., 2018).
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CBCs have been demonstrated to be Notch-signaling
cells (Fre et al., 2005; Pellegrinet et al., 2011; VanDussen
etal., 2012), with Notch1 identified as the primary receptor
regulating CBC function (Carulli et al., 2015). Notch inhi-
bition results in CBC loss and expansion of secretory cell
types, including goblet, endocrine, and Paneth-like cells
(Pellegrinet et al., 2011; Riccio et al., 2008; van Es et al.,
2005; VanDussen et al., 2012). Interestingly, the Paneth-
like cells have altered secretory granule morphology and
co-express Paneth and goblet cell markers, suggesting
that Paneth cells are particularly sensitive to Notch pertur-
bation although they are not Notch signaling cells (Van-
Dussen et al., 2012). Paneth cells are the most likely source
of Notch ligand due to their close association with CBCs at
the crypt base (Sato et al., 2011). Moreover, Paneth cells ex-
press both DII1 and DII4 (Sasaki et al., 2016; Sato et al.,
2011), the key Notch ligands regulating CBC function (Pel-
legrinet et al., 2011).

In spite of our understanding of CBC niche regulation
during homeostasis, little is known about niche responses
after injury. Earlier studies of genetic Notch disruption or
pharmacologic Notch inhibition via administration of a
gamma-secretase inhibitor (GSI) such as dibenzazepine
(DBZ), were limited by the reduced animal viability
observed when inhibition extended over several days,
which impeded analysis of the regeneration process.
Indeed, the intestinal toxicity imparted by Notch inhibi-
tors limits use in the clinic despite their great therapeutic
potential for treating Notch-driven cancers (e.g., T cell
acute lymphoblastic leukemia) and other diseases. Short-
term Notch inhibition may be one approach to maintain
ISCs and minimize toxicity in human patients, yet there
is little known about ISC responses to short-term Notch
interruption. Here, we introduce an intestinal crypt
disruption model based on short-term niche factor inhibi-
tion. We probe the setting of pharmacologic inhibition to
investigate the acute cellular response to Notch niche
disruption. We demonstrate that short-term Notch disrup-
tion leads to transient ISC dysfunction and dynamic crypt
cell remodeling. This process is highlighted by rapid Pan-
eth cell loss, a novel contrast to previous findings estab-
lished by studies using longer time points of Notch inhi-
bition that demonstrated Paneth-like cell expansion.
Furthermore, after short-term Notch disruption we
observed an expansion of cells expressing Notch ligands
and increased Notch signaling, with a regenerative
response characterized by a proliferative surge. We show
that DIl1+ cells are activated to function as multipotential
progenitors to maintain the epithelium during ISC
dysfunction, including replenishment of the vacant
Paneth cell population. Our study sheds light into how
niche pathways and crypt cell plasticity orchestrate intes-
tinal repair.

RESULTS

Impaired CBC Function after Acute Notch Inhibition
We analyzed the immediate effect of Notch inhibition on
ISC function and characterized the crypt regenerative
response after short-term pathway disruption in adult
mice treated with a single dose of DBZ. Intestinal tissue
was isolated at various times post-DBZ, which has a plasma
half-life of less than 12 h (Milano et al., 2004), to charac-
terize the dynamic crypt cell response (Figure 1A). We
observed rapid loss of expression of the CBC marker (van
der Flier et al., 2009) and Notch target gene (VanDussen
et al., 2012) Olfin4 as early as 12 h post-DBZ, with expres-
sion returning at day 3 (Figures 1B, 1C, and S1A). In
contrast, expression of the CBC Wnt target gene Lgr5 was
not changed (Figures 1B and 1C), suggesting that the dy-
namic changes to Olfin4 reflected loss of CBC Notch
signaling rather than stem cell depletion.

To assess the effect of acute Notch inhibition on CBC
function, we measured lineage tracing using two different
CBC-specific Cre driver strains (Olfin4-GFP-CreER™? and
Lgr5-GFP-CreER™) crossed to the ROSA26-LSL-tdTomato
(Tom) reporter. The Tom lineage mark was activated in
CBCs by treatment with tamoxifen (TX), followed by
DBZ or vehicle (Veh) treatment, with analysis 1 day later
(Figure 1D). We observed significantly fewer lineage-traced
cells in DBZ-treated mice compared with Veh-treated con-
trols (Figure 1E). Quantification of the number of Tom-
labeled cells per crypt showed that DBZ-treated Olfin4
and Lgr5 reporter mice had an approximately 2-fold reduc-
tion in lineage tracing, demonstrating impaired CBC
function (Figure 1E). Interestingly, the Tom-labeled cells
were clustered at the crypt base in a pattern distinct from
the Veh-treated controls, suggesting crypt cell remodeling
post-DBZ (Figure 1E).

Rapid Paneth Cell Apoptosis after Acute Notch
Inhibition

Histological analysis of the crypt post-DBZ showed dy-
namic cellular remodeling. Remarkably, granule-filled Pan-
eth cells at the crypt base were lost within 12 h of DBZ
administration, together with the appearance of delami-
nated cells (Figure 2A, arrowheads). To further examine
this effect, we analyzed the expression of Paneth cell-spe-
cific markers by immunostaining (lysozyme) and qRT-
PCR (cryptdins), showing that both were markedly reduced
in DBZ-treated crypts as early as 12 h after administration
(Figures 2B and 2C). To determine whether the loss of Pan-
eth cell marker expression was due to cellular remodeling
or cell loss, we used Defensin a4-Cre;Tom mice, which
permanently label Paneth cells with a Tom lineage mark.
We observed a marked loss of Tom-labeled cells 1 day

Stem Cell Reports | Vol. 15 | 156170 | July 14,2020 157

)
©



;0‘
(&

¥ 30umol/kg DBZ/Veh

A V**Y
0 12hrs 1 2

Qe =
Nl

1 1 1
|| 1 || i i
Day 0 12 hrs 1 : 8 ¥ Tissue collection
B Veh 12 hours Day 1 Day 2 Day 3
T, T T
Kz | BE : i i Lo
= A e 4 [T Lol | CizEen [(FE el L
V-
£
O BE BHESW G Yy i LA
S s oo [ t— e -
S 3
0
(o))
g
Es N o W . Rt = - W BR R e G o
c § 8 Olfm4 § 0.20 Lgr5
§4 _El:_ *kk  Kkk * §0.10 _;E = __l% .
<2 P < 00 %
Z - = s
[= 0 r 3 T T [= 0.00 T T
RN S R S
D E Olfm4-GFP-CreER™;Tom
¥ 100mg/kg TX o *%20
¥ 30umolikg DBZ/Veh < Sl Hhx
Y Tissue collection = 2.0
€ g .
© + 5
B Y E t
—— 7 ek -
Time 0 6hrs  30hrs (5 & ¢
Lgr5-GFP-CreER™;Tom
o DBz a1
<D( ; 5 s .
.y E 6 % *kk
= B .
= £ 2 Bl
o O 0
'_ T
T N 1
Q) W X

Figure 1. Impaired CBC Function after Acute Notch Inhibition
(A) Mice were treated with dibenzazepine (DBZ) (30 umol/kg) or vehicle (Veh) and duodenal tissue was collected at various times.
(B) In situ hybridization for crypt base columnar (CBC) stem cell markers Olfm4 and Lgr5. Insets are 3 X original magnification. Scale bars,
100 pm.
(C) gRT-PCR analysis of mRNA abundance relative to Hprt. Quantitative data are presented as mean + SEM (**p =0.0037, ***p <0.001, Veh
versus DBZ by one-way ANOVA with Dunnett’s post-test; n = 4 mice/group).
(D) Stem cell function was measured by lineage tracing after tamoxifen (TX) activation and DBZ or Veh treatment, as shown.
(legend continued on next page)
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post-DBZ in these mice, confirming that Notch inhibition
led to rapid Paneth cell loss (Figure 2B, insets). Analysis of
apoptosis by staining for cleaved caspase-3 showed a signif-
icant increase in apoptotic cells in the crypts, which peaked
at 1 day post-DBZ (Figure 2D). Co-staining for the Paneth
cell marker MMP7 and cleaved caspase-3 showed that the
apoptotic cells were Paneth cells (Figure 2E).

Our findings suggest that Notch signaling is required for
Paneth cell maintenance, which is unexpected as Paneth
cells do not express Notch receptors or exhibit Notch
signaling. To confirm that Paneth cell loss is a conse-
quence of Notch inhibition and not due to the inhibition
of another GSI target, we analyzed Defensin a4-Cre;Tom
mice that were treated with a mixture of inhibitory anti-
bodies to DLL1 and DLL4, the two Notch ligands required
for crypt homeostasis (Pellegrinet et al., 2011). Similar to
our findings after DBZ treatment, we observed reduced
Paneth cell numbers after combined DLL1 and DLL4
Notch-signaling blockade, showing that Paneth cell loss
is due to Notch inhibition (Figure S1). Paneth cell loss
may explain reduced CBC function, shown by loss of
Olfim4 and diminished lineage tracing post-DBZ (Figure 1),
as Paneth cells are known to express several ISC niche fac-
tors (Sato et al., 2011). Notably, Paneth cells are returning
by 3 days after acute Notch inhibition, with an apparent
increase in numbers of granule-containing cells and
Tom-marked cells by day 7, suggesting a rebound effect
(Figures 2A and 2B). Interestingly, Paneth cells returning
at day 3 corresponds to the timing of return of expression
of Olfm4 (Figure 1B). The coincident reemergence of
Olfim4 expression with Paneth cells was confirmed by co-
imaging lysozyme and GFP in DBZ-treated Olfim4-GFP-
CreER™ intestine, with GFP expression detected in
stem cells adjacent to lysozyme-expressing Paneth cells
(Figure 2F).

Increased Notch Activity and Cell Proliferation during
Crypt Regeneration

We assessed proliferation after DBZ treatment to determine
if crypt remodeling included a regenerative response. Acute
Notch inhibition resulted in a marked increase in prolifer-
ation at day 3, with a 1.6-fold increase in 5-ethynyl-2'-de-
oxyuridine (EdAU+) cells (Figures 3A and 3B). This prolifera-
tive surge was accompanied by dynamic changes in crypt
cellularity. Decreased crypt cellularity was observed at
1 day post-DBZ (Figure 3C), a time point marked by loss
of Paneth cells and diminished CBC stem cell function.
However, at the time of the proliferative surge at day 3,

crypts were expanded with increased cellularity compared
with Veh-treated mice (Figures 3A and 3C).

Given the well-characterized role of Notch signaling to
regulate intestinal proliferation (Fre et al., 2005; Pellegrinet
et al., 2011; Riccio et al., 2008; Stanger et al., 2005; van Es
etal., 2005; VanDussen et al., 2012), we investigated Notch
activity to determine if the hyperproliferative response
coincided with the return of Notch function. Immuno-
staining for the NOTCH1 intracellular signaling domain
(NICD) showed loss of Notch activity 12 h post-DBZ (Fig-
ures 3D and 3E), which is consistent with the loss of expres-
sion of the Notch target gene Olfin4 at that time point (Fig-
ure 1B). NICD+ cell numbers increased over time, and by
day 3 the number of NICD+ cells was markedly increased
in comparison with Veh control, which coincided with
the timing of increased proliferation and crypt cellularity.
Interestingly, co-staining for NICD and EdU showed that
proliferating cells at day 3 post-DBZ were commonly
Notch-signaling cells, while most EQU+ cells in Veh control
were NICD™ (Figure 3F). Furthermore, NICD+ cells were
preferentially localized in the mid-crypt region when
they are returning, in contrast to their normal localization
at the crypt base. Occasional cells at the crypt base are
NICD+ at day 3, in accordance with the timing of the re-
turn of Paneth cells and Olfin4 expression (Figure 3D,
arrowheads).

Rapid Expansion of DII1- and DI114-Expressing Cells
during Crypt Regeneration

The rebounding Notch activity after acute Notch inhibi-
tion is associated with increased mRNA abundance of key
Notch components, including ligands DII1 and DIl4 (Pelle-
grinet et al., 2011), and receptors Notchl and Notch2 (Car-
ulli et al., 2015; Riccio et al., 2008) (Figure 4A). We made
use of DIl1-mCherry and DIl4-mCherry transgenic reporter
mice (Chakrabarti et al., 2018; Tikhonova et al., 2019) to
follow the cellular pattern of Notch ligand-expressing cells
during intestinal remodeling post-DBZ. Analysis of these
reporter mice showed that DIl1- and DII4-mCherry+ cells
are normally present in both intestinal crypt and villus
compartments in a scattered pattern consistent with secre-
tory cell distribution (Figure 4B). We identified the cell
types by co-imaging mCherry with markers of differentiated
Paneth (lysozyme), goblet (mucin 2), and endocrine (chro-
mogranin A) cells. This analysis showed that all three secre-
tory cell types are marked with the mCherry reporter
in both transgenic strains (Figure S2). This cellular expres-
sion pattern matches that previously characterized in

(E) Tomato (Tom) lineage stripes were measured in Olfm4-GFP-CreER™;R0SA26-LSL-tdTomato (Tom) (top) or Lgr5-GFP-CreER™?;Tom (bottom)
duodenum. Insets show green channel to image CBCs. Quantification of the number of Tom+ cells per crypt in Veh- and DBZ-treated mice.
Scale bars, 50 um. Quantitative data are presented as mean + SEM (***p < 0.001, Veh versus DBZ by Student’s t test; n = 4 mice/group).

30-50 crypts per mouse were counted.
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DII1-GFP-CreER"? mice, with GFP expression observed in
differentiated secretory cell types as well as secretory pro-
genitor cells (van Es et al., 2012). The cellular expression
pattern was similar in DBZ-treated DII1- and DIl4-mCherry
mice, with the exception of the Paneth cell loss (Figure S2).

Numbers of DII1- and DIl4-mCherry+ cells were markedly
increased after Notch inhibition, accounting for increased
mRNA abundance (Figure 4B). Notch ligand-expressing
cell expansion corresponds to a surge in goblet cell
numbers detected by PAS/Alcian blue staining (Figure S3).
This finding is consistent with previous reports of secretory
cell hyperplasia after several days of continuous Notch in-
hibition (van Es et al.,, 2005; VanDussen et al., 2012).
DIl1- and DIl4-mCherry+ cell expansion was profound,
with expanded crypts at day 3 extensively composed of
Notch ligand-expressing cells (Figure 4B). Quantification
of DIl1-mCherry+ cells by flow cytometry showed that cell
number increased 2.6-fold at 1 day post-DBZ (Figure 4C),
with ligand-expressing cells primarily located at the crypt
base (Figure 4B).

Increased Progenitor Cell Function in DI11-Expressing
Cells after Acute Notch Inhibition

Interestingly, both DIl1-mCherry+ cells and LgrS-expressing
CBCs were localized to the crypt base 1 day post-DBZ (Fig-
ures 1 and 4), suggesting that CBCs might activate DII1
expression in response to Notch inhibition. To examine
this possibility, we treated Lgr5-GFP-CreER"?;DIl1-mCherry
mice with DBZ and co-imaged GFP and mCherry by histo-
logical and fluorescence-activated cell sorting (FACS) anal-
ysis. This work identified GFP+/mCherry+ co-expressing
cells at the crypt base, suggesting that Lgr5 CBCs turn on
DII1 after Notch niche inhibition (Figures SA and S4).
Furthermore, we observed increased proliferation of D111+
cells 1 day post-DBZ, showing a 5-fold increase in EAU+/
mCherry+ double-positive cells compared with Veh con-
trol (Figures 5B and 5C). We next tested whether DIlI-
mCherry+ cells had increased stem/progenitor cell function

by measuring organoid-forming potential of single DII1-
mCherry+ cells isolated by flow cytometry 1 day post-DBZ.
This analysis showed a 2-fold increase in organoid-forming
efficiency compared with DII1-mCherry+ cells isolated from
Veh-treated mice (Figure 5D). Together these findings sug-
gest that DII1+ cells exhibit enhanced progenitor cell status
1 day post-DBZ.

Multiple Progenitor Cell Populations Generate Paneth
Cells after Acute Notch Inhibition

We next studied whether FSCs are activated by Notch
niche interruption to maintain the epithelium and
replenish the lost Paneth cell population. In particular,
we focused on DIlI-expressing secretory progenitors as
this crypt cell population was previously demonstrated
to regenerate CBCs after irradiation-induced crypt injury
(van Es et al., 2012). We used a lineage-tracing approach
in DII1-GFP-CreER™?;Tom mice (Figure 6A). Note that this
analysis differs from our studies above in that Tom marks
cells prior to DBZ treatment, thus allowing us to study
pre-existing DIl1+ cells rather than the new cells that
emerge after Notch inhibition. At 8 days after TX treat-
ment, the only Tom+ cells in Veh controls were Paneth
cells, due to their long half-life; all other Tom+ cells
had turned over by this time (Figure 6B). In contrast,
DBZ-treated crypts contained numerous Tom+ cells,
including lineage stripes (Figure 6B, inset). Quantifica-
tion showed that DBZ-treated mice commonly exhibited
lineage stripes, while Veh-treated mice exhibited none
(Figure 6C). We determined which cell types were gener-
ated by the activated DIl1+ cells by staining for markers
of absorptive (enterocytes) and secretory (goblet, endo-
crine, Paneth) cells with Tom co-expression (Figure 6D).
This analysis showed that DBZ-activated DIl1+ cells
become multipotential progenitors, capable of gener-
ating all of the major epithelial cell types. Thus, they
function to maintain the intestinal epithelium while
CBCs are impaired.

Figure 2. Rapid Paneth Cell Apoptosis after Acute Notch Inhibition
(A) Mice were treated with DBZ or Veh and duodenal tissue was analyzed by H&E staining. Arrowheads denote delaminated cells.

(B) Duodenal tissue sections were immunostained for the Paneth cell marker lysozyme (green), with nuclear DAPI (blue). Insets depict
ileal crypts from Defensin a4-Cre;Tom (Def; Tom) mice with Tom-marked Paneth cells (red), with DAPI (green). Scale bars, 50 pum.

(C) gRT-PCR analysis of Paneth cell cryptdins mRNA abundance relative to Hprt. Quantitative data are presented as mean + SEM (**p =
0.0055, ***p = 0.0002, Veh versus DBZ by one-way ANOVA and Dunnett’s post-test; n = 4 mice/group).

(D and E) Apoptotic cells were detected by immunostaining for cleaved caspase-3 (CC3) (green), (D) quantified in the duodenum at various
time points after Veh or DBZ, and (E) co-stained with the Paneth cell marker MMP7 (red) with DAPI (blue). Single green and red channel
images for the inset are shown on the right. Arrowheads denote co-stained cells. Scale bar, 50 pm. Quantitative data are presented as mean
+ SEM (***p = 0.0001, Veh versus DBZ by one-way ANOVA and Dunnett’s post-test; n = 4-8 mice/group, as shown). Approximately 150
crypts per mouse were counted

(F) Duodenal crypts from Olfm4-GFP-CreFR™? mice were stained for GFP (green) and lysozyme (Lys, magenta) at day 3 post-Veh or DBZ to
image Olfm4+ CBCs (arrowheads) and Paneth cells. Scale bars, 10 um.

See also Figure S1.
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Figure 3. Increased Notch Activity and Cell Proliferation during Crypt Regeneration

(A) Cellular proliferation was assessed in Veh- and DBZ-treated mouse duodenum at various timepoints by EdU incorporation (green) with
DAPI (red). White brackets mark crypt depth. Scale bars, 100 um.

(B) Quantification of EdU+ cells per crypt. Quantitative data are presented as mean + SEM (**p = 0.0034, Veh versus DBZ by one-way
ANOVA and Dunnett’s post-test; n = 3-4 mice/group, as shown). Approximately 30 crypts were counted per mouse.

(C) Crypt cellularity was determined by counting DAPI+ nuclei per crypt. Quantitative data are presented as mean + SEM (*p = 0.0166,
**p =0.0035, Veh versus DBZ by one-way ANOVA and Dunnett’s post-test; n = 3-4 mice/group, as shown). Approximately 30 crypts were
counted per mouse.

(D) Notch signaling at various times post-DBZ treatment was measured by immunostaining duodenal tissue sections for the NOTCH1
intracellular domain NICD (green) with DAPI (blue). Arrowheads indicate NICD+ cells at the crypt base at day 3. Scale bars, 50 pum.

(legend continued on next page)
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Importantly, we found that the Tom+ cells generated
from activated DIl1+ multipotential progenitors included
Paneth cells (Figure 6D). Quantification of lysozyme/Tom
double-positive cells showed increased numbers of line-
age-labeled Paneth cells in DBZ-treated crypts compared
with Veh control (Figure 6E). In light of the DBZ-induced
Paneth cell loss (Figure 2), the observation of numerous
Tom+ Paneth cells demonstrates that activated DII1+ multi-
potential progenitors are replenishing the depleted Paneth
cell pool.

The observation that DII1+ cells contributed to differen-
tiated cell lineages after acute Notch inhibition is consis-
tent with FSC activity. However, lineage stripes from
DIl1+ cells were short lived, with no lineage traces detected
at 2 months post-DBZ (Figures 6C and 6F). Thus, these acti-
vated multipotential progenitors do not contribute to the
CBC pool. This result is in agreement with our finding
that CBCs are not lost after DBZ treatment (Figure 1).
Further evidence that CBCs were maintained after DBZ
was shown by the resumption of CBC lineage tracing in
Lgr5-GFP-CreER"?; Tom mice, with full crypt-villus Tom-la-
beling observed 7 days post-DBZ treatment (Figures 6G
and 6H). Thus, CBC function was only transiently
impaired after DBZ treatment. The data suggest that DBZ
treatment activates DIl1+ cells to become multipotential
progenitors to contribute to crypt regeneration after injury
induced by Notch inhibition but not to displace resident
CBCs.

Notably, we also observed Tom+ Paneth cells in Lgr5-GFP-
CreER™;Tom mice (Figure 6H, inset, arrowhead). Together
with the DIl1+ cell lineage-tracing data, this shows that
multiple stem/progenitor cell populations can replenish
the depleted Paneth cell pool. To test if other progenitor
cell populations capable of FSC activity were activated after
acute DBZ treatment, we carried out lineage-tracing studies
in Hopx-CreER™;ROSA26-LSL-mTmG mice. In contrast to
our result with DIl1+ cells, we did not observe enhanced
lineage tracing from Hopx+ cells after DBZ treatment (Fig-
ure S5). This result suggests that the damage induced by
Notch inhibition activates specific progenitor populations
to contribute to the crypt repair process.

DISCUSSION

Our study uncovered a rapid and dynamic crypt cell remod-
eling program stimulated by interruption of the ISC Notch

niche. We revealed that transient Notch inhibition induces
amulticellular remodeling response, highlighted by a strik-
ing, early Paneth cell loss via apoptotic cell death.
Although CBC stem cells are retained, they exhibit a tran-
sient impairment in function, characterized by loss of line-
age-tracing activity coincident with disappearance of
Notch signaling. A regenerative response followed the Pan-
eth cell-CBC stem cell disruption, with repair and return to
homeostasis within a few days. The repair involves expan-
sion of Notch ligand-expressing cells, followed by concur-
rent surges in Notch signaling and cell proliferation.
DIl1+ cells were activated to proliferate and function as
multipotential progenitors to generate new epithelial cells,
including absorptive enterocytes as well as secretory cell
types. Thus these cells essentially adopt stem cell-like func-
tion to transiently maintain the epithelium and contribute
to the replenishment of the depleted Paneth cell pool. This
dynamic multicellular remodeling response to acute Notch
inhibition is summarized in Figure 7.

Our findings differ in many respects from previous
studies of Notch inhibition, which analyzed longer-lasting
pharmacologic (Tian et al., 2015; van Es et al., 2005; Van-
Dussen et al., 2012) or genetic (Carulli et al., 2015; Pellegri-
net et al., 2011; Tsai et al., 2014) Notch depletion. In these
earlier studies, long-lasting Notch inhibition led to CBC
loss and a marked decrease in crypt proliferation, together
with a surge of secretory cell types. Thus, our observation of
Lgr5+ CBC stem cell retention and increased proliferation
after short-term Notch disruption were unexpected. There
is general agreement, however, that continuous Notch
signaling is required to maintain CBC stem cells, with
pathway interruption leading to rapid stem cell dysfunc-
tion and ultimately cell loss, depending on the duration
of pathway inhibition.

Our observation of rapid Paneth cell death was in stark
contrast to the robust expansion of lysozyme-expressing
cells seen in long-term Notch inhibition studies. However,
these were not “true” Paneth cells as they exhibited
altered secretory granule morphology and co-expressed
goblet cell markers (VanDussen et al., 2012). Interestingly,
Paneth cell loss was also observed in a distinct study of
CBC niche disruption that blocked R-spondin signaling
in CBCs using an adenoviral construct that targeted
LGRS (Yan et al., 2017). However, Paneth cell loss with
this niche disruptor was considerably slower, involving a
process of ballooning cellular degeneration and upward
migration that took several days, instead of the rapid

(E) Quantification of NICD+ cells per duodenal crypt after Veh or DBZ. Quantitative data are presented as mean + SEM (**p < 0.0028,
****p < 0.0001 Veh versus DBZ by one-way ANOVA and Dunnett’s post-test; n = 3-4 mice/group, as shown). Approximately 50 crypts per

mouse were counted.

(F) Correspondence of Notch signaling with cellular proliferation was determined at day 3 post-Veh or -DBZ by immunostaining for NICD
(green) and EdU (red), with DAPI (blue). Arrowheads indicate co-stained cells. Scale bars, 50 pum.
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Figure 4. Rapid Expansion of DI[1- and DIll4-Expressing Cells during Crypt Regeneration
(A) gRT-PCR analysis of mRNA abundance of key Notch ligands and receptors in Veh- and DBZ-treated mouse duodenal crypts relative to
Hprt. Quantitative data are presented as mean + SEM (*p < 0.05, **p < 0.01, ****p < 0.0001, Veh versus DBZ by one-way ANOVA and

Dunnett’s post-test; n = 3-4 mice/group, as shown).
(B) Dll1-mCherry and Dll4-mCherry transgenic mice were treated with Veh or DBZ and mCherry+ cells (red) were imaged in duodenal sections

with DAPI (blue). White brackets mark crypt depth. Scale bars, 50 pum.

(C) Flow cytometric quantification of the number of mCherry+ cells in Dl{1-mCherry duodenal crypts 1 day post-Veh or -DBZ. Quantitative
data are presented as mean + SEM (*p = 0.0216, Veh versus DBZ by Student’s t test; n = 3 mice/group).

See also Figures S2 and S3.

apoptotic cell death we observed with Notch niche inhibi- pathway inhibition. The findings suggest that CBC niche
tion. Together, our study and the Yan et al. study demon- disruption affects Paneth cell maintenance through an in-
strate that Paneth cells are very sensitive to CBC niche direct mechanism as both studies targeted receptors spe-
dysfunction, including both Notch and R-spondin cifically localized to CBCs.
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later by EdU incorporation. Arrowheads
highlight mCherry (red) and EdU (green) co-
stained cells, which represent proliferating
DIl1+ progenitors. Scale bars, 25 um.
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Paneth cells have been proposed to be Notch niche cells
due to their close physical association with CBCs at the
crypt base and their expression of DII1 and DII4, the key
Notch ligands regulating CBC function (Pellegrinet et al.,
2011; Sasaki et al., 2016; Sato et al., 2011). In addition, Pan-
eth cells generate other niche factors, including Wnt li-
gands and growth factors, as well as metabolic products,
suggesting a more expanded niche role for Paneth cells to
support their stem cell neighbors (Rodriguez-Colman
et al., 2017; Sato et al., 2011). However, niche function
for Paneth cells has been controversial, with some studies
showing that Paneth cells enhance stem cell function
(Farin et al., 2012; Sato et al., 2011), while others demon-
strate apparently normal CBC function after Paneth cell
depletion (Durand et al., 2012; Garabedian et al., 1997;
Kim et al., 2012; van Es et al., 2019). Our observation of
reduced CBC lineage-tracing activity with Paneth cell
loss, and a return to stem cell function with Paneth cell re-
turn, would support a functional niche role for Paneth
cells. Notably, Notch signaling and Olfin4 expression at
the crypt base did not recover until Paneth cells were
restored at day 3, suggesting that Paneth cells are the key
Notch niche cells presenting ligand to CBCs. Interestingly,

mately 30 crypts per mouse were counted.
(D) Schematic of organoid formation assay
used to measure stem cell-like activity of
mCherry* cells isolated by FACS from DIl1-
mCherry mice 1 day after Veh or DBZ. Orga-
noid-forming efficiency is presented as
percent of the number of cells plated that
formed organoids. Quantitative data are
presented as mean + SEM (*p = 0.0457, Veh
versus DBZ by Student’s t test; n = 6 mice/
group with three technical replicates per
mouse).

See also Figure S4.

we observed that Lgr5 CBCs activated DII1 expression upon
Notch disruption, suggesting rapid stem cell remodeling.
Whether this response is key to maintaining CBCs until
Paneth cells return or is, perhaps, a marker of impending
CBC differentiation will be important future questions to
pursue.

Crypt hyperproliferation and activation of multipoten-
tial progenitors are hallmarks of the intestinal regenerative
response. The damage induced by Notch niche interrup-
tion is different from previously described crypt injury
methods that induce CBC loss, including genetic, radia-
tion, or chemotherapeutic drug treatment approaches. In
our study, a robust regenerative response was observed
although CBCs were retained. Our observations are in
accordance with another study that observed modest in-
creases in proliferation and crypt height after depletion of
all secretory cells, including Paneth cells, from the adult
mouse (Kim et al., 2012). Whether this response relates to
Notch-signaling changes was not examined.

We observed that acute Notch inhibition activates DII1+
cells to function as multipotential progenitors to generate
all types of differentiated epithelial cells while CBC func-
tion is diminished. The generation of enterocytes from
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(C) The number of lineage traces per crypt,
defined as a ribbon of four or more Tom+
cells, were counted. Quantitative data are
presented as mean + SEM (***p = 0.0005
Veh versus DBZ by one-way ANOVA and
Dunnett’s post-test; n = 3 mice/group).
Sixty to 120 crypts were counted per mouse.
(D) Analysis of differentiated cells gener-
ated by DIl1+ progenitors activated by DBZ
treatment. Day 8 lineage tracing in DIl1-
GFP-CreER™;Tom mice co-staining for Tom
(red) and markers (green) of enterocytes
(DPP4), goblet cells (Muc?2), endocrine cells
(CgA), or Paneth cells (Lys), with DAPI
(blue). Arrowheads mark examples of co-
stained cells. Scale bars, 20 pm.

(E) Paneth cells arising from Dll1+ pro-
genitors were identified and quantified at
day 8 by visualizing Tom/Lys double-posi-
tive cells. Quantitative data are presented
as mean + SEM (*p = 0.012 Veh versus DBZ
by Student’s t test; n = 3 mice/group). 60—
120 crypts were counted per mouse.

TX + DBZ
2mo

Tom /DAPI

(G and H) Analysis of lineage tracing from Lgr5 CBC stem cells. (G) Schematic of the experimental design using Lgr5-GFP-CreER™;Tom mice
treated with TX followed by Veh or DBZ treatment, with duodenal tissue harvested at day 7 post-TX. (H) Tom lineage tracing (red) from Lgr5
CBCs is displayed. Insets show Tom/Lys co-staining, demonstrating a subset of Tom-marked Paneth cells. Arrowhead, Tom/Lys co-stained

cell; asterisk, Lys only stained cell. Scale bars, 50 pum.
See also Figure S5.

DIl1+ cells is unusual as these progenitors are normally
restricted to secretory cell types (van Es et al., 2012). How-
ever, the activated DIl1+ multipotential progenitors did not
contribute to the CBC pool and thus did not function as
FSCs. This contrasts with a previous study showing that
DIl1+ secretory progenitors can regenerate CBCs lost after
crypt damage caused by radiation (van Es et al., 2012).
Thus, our study suggests that the two FSC functions of acti-
vation to maintain the epithelium and regenerate lost
CBCs can be disconnected. Importantly, we observed that
CBC:s also contribute to restoration of the depleted Paneth
cell pool. Thus, multiple progenitor cell populations can
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replenish these cells to repair the Notch niche. Our find-
ings suggest that activation of epithelial cells to effect crypt
repair is dependent on the specific cellular damage induced
by the injury, underscoring the cellular plasticity and
exquisite drive to regain homeostasis in the crypt.

To conclude, our studies highlight the exceptional
cellular plasticity of the intestine and characterize the re-
modeling response to transient CBC niche inhibition. We
propose a process whereby acute Notch inhibition stimu-
lates a regenerative response stemming from rapid Paneth
cell loss and impaired CBC activity, which is fueled in
part by DIl1+ cell expansion and activation. Our study
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introduces acute Notch inhibition as a novel crypt disrup-
tion model which opens the door to studying mechanisms
of CBC and Paneth cell responses during crypt repair.

EXPERIMENTAL PROCEDURES

Mice

Lgr5-GFP-CreER™ (Jackson Lab 008875) (Barker et al., 2007),
Olﬁﬂ4—GFP—CreERT2 (from Hans Clevers) (Schuijers et al., 2014), De-
fensin a4-Cre (Burger et al., 2018), DII1-mCherry and DIl4-mCherry
BAC transgenic mice (Chakrabarti et al., 2018; Tikhonova et al.,
2019), DII1-GFP-CreER™ (from Hans Clevers) (van Es et al.,
2012), Hopx-CreER (Jackson Laboratory, 017606) (Takeda et al.,
2011), ROSA26-LSL-tdTomato (Tom; Jackson Laboratory, 007908)
(Madisen et al., 2010), or ROSA26-LSL-mTmG (mTmG; Jackson Lab-
oratory, 007576) (Muzumdar et al., 2007) alleles were verified by
PCR genotyping. All mice were maintained on a C57BL/6 back-
ground, with the exception of Defensin «4-Cre;Tom used for
DLL1/DLL4 antibody inhibition experiments (Figure S1), which
were on a mixed background. Mice were housed in ventilated
and automated watering cages with a 12-h light cycle under spe-
cific pathogen-free conditions. Protocols for mouse usage were
approved by the University of Michigan Committee on Use and
Care of Animals. Adult mice of both sexes were used for analyses.

Animal Treatment Protocols and Tissue Collection

Mice were injected intraperitoneally with DBZ (30 pmol/kg) (SYN-
COM, Netherlands) or Veh as described (van Es et al., 2005), and
intestinal tissue was collected at various timepoints. Some mice

Figure 7. Crypt Cell Remodeling
Following Acute Notch Inhibition
Schematic of the dynamic cellular changes
in the intestinal crypt after transient Notch
inhibition. Cells are color coded as indi-
cated. One day after Notch inhibition,
Paneth cells are lost by apoptosis, CBC
function is impaired, DIl1+ cells increase,
with DIl1-expression activated in CBCs. At
day 3, a regenerative response is observed
with increased proliferation associated with
expansion of Notch ligand-expressing cells
and enhanced Notch signaling. At this time,
= . Paneth cells are returning to the crypt base
and CBC function resumes. Multiple pro-
genitors replenish the depleted Paneth cell
pool, including Dll1+ progenitors and CBCs.
By day 7 the crypt has largely returned to
homeostasis. CBCs are  maintained
throughout the remodeling process despite
their functional changes.

olhd

7 Days

were injected with EAU (25 mg/kg) (Life Technologies) 1.5 h before
tissue collection. Intestinal tissue was fixed in 4% paraformalde-
hyde overnight for paraffin sections as described (VanDussen
et al., 2012). Tissue prepared for frozen sections was fixed for 1 h
and incubated in 30% sucrose overnight before embedding in
OCT (Tissue-Tek). Some mice were treated with a single intraperito-
neal injection of 100 mg/kg TX prior to DBZ or Veh treatment as
described (Bohin et al., 2018). Defensin a4-Cre;Tom mice were
treated with a mixture of humanized neutralizing monoclonal an-
tibodies directed against DLL1 and DLL4, or an irrelevant isotype
control antibody against herpes simplex virus gD protein (Ridgway
etal., 2006; Wuetal., 2010), injected intraperitoneally at 15 mg/kg
each for two daily doses with intestinal tissue collected the
next day.

Immunohistology

Paratfin sections (4-5 um) were stained with periodic acid-Schiff/
Alcian blue (Newcomer Supply, cat. no. 9162B, 1003A) to visualize
mucin-containing goblet cells. Immunostaining with rabbit anti-
lysozyme (1:200, DAKO, cat. no. A0099), rabbit anti-GFP (1:200,
Invitrogen, cat. no. A21311), rabbit anti-cleaved caspase-3 (1:50,
Cell Signal, cat. no. 9664S), rabbit anti-Muc2 (1:200, Santa Cruz,
cat. no. sc-15334), rabbit anti-chromogranin A (1:200, Abcam,
cat. no. ab15160), and goat anti-DPP4 (1:200, Millipore, cat. no.
SAB2500328) was performed as described (Lopez-Diaz et al.,
2006). Co-staining for cleaved caspase-3 and MMP7 was performed
by co-incubating rabbit anti-cleaved caspase-3 with rat anti-
MMP7 (1:400, Vanderbilt, cat. no. 4,334). Rabbit anti-cleaved
NOTCH1 (NICD; 1:50, Cell Signal, cat. no. 4147S) staining used
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a TSA SuperBoost kit (Thermo, no. B40943). EQU-Click-iT kit (Life
Technologies, cat. no. C10337) was used to identify proliferating
cells. Images were captured on a Nikon E800 microscope with
Olympus DP controller software.

In situ Hybridization

Olfin4 in situ hybridization was performed on paraffin sections as
described (Carulli et al., 2015). Lgr5 in situ hybridization was per-
formed on frozen sections as described (Demitrack et al., 2015).

Quantitative Morphometric Analyses

Morphometric quantification of cellular proliferation (EdU+),
crypt cellularity (DAPI+), Notch signaling (NICD+), apoptosis
(cleaved caspase-3+), and lineage-traced Paneth cells (Tom+/Lys+)
were measured by counting positive or co-positive cells per well-
oriented crypt. Lineage tracing counted the number of Tom+ cells
per crypt, defined as a ribbon of four or more Tom+ cells. The
numbers of crypts counted are indicated in figure legends.
Morphometric analyses were completed using Image] software
(http://imagej.nih.gov/ij/).

Crypt Isolation and Gene Expression Analysis

Crypts were isolated from mouse duodenum as described (Carulli
et al., 2015). RNA was isolated using RNeasy Mini kit with DNase
I treatment as per manufacturer instructions (QIAGEN). cDNA
was reverse transcribed with the iScript cDNA synthesis kit (Bio-
Rad) using 1pg of total RNA. qPCR was performed as described (Lo-
pez-Diazetal., 2006). Olfin4, Lgr5, Notch1, and Notch2 primers were
as described (Demitrack et al., 2015; Gifford et al., 2017; VanDus-
sen et al., 2012). DII1 primers: CTG AGG TGT AAG ATG GAA
GCG (forward); CAA CTG TCC ATA GTG CAA TGG (reverse).
DIi4 primers: TCG TCG TCA GGG ACA AGA ATA GC (forward);
CTC GTC TGT TCG CCA AAT CTT ACC (reverse). mRNA abun-
dance was normalized to Hprt with primers: AGG ACC TCT CGA
AGT GTT GGA TAC (forward); AAC TTG CGC TCA TCT TAG
GCT TTG (reverse).

FACS mCherry+ Cells to Form Organoids

A previously described protocol for isolation, plating and culturing
Lgr5-GFP+ antral stem cells was adapted for the FACS isolation of
single DIlI-mCherry+ duodenal crypt cells from Veh- and DBZ-
treated mice, and their subsequent culture in Matrigel to form or-
ganoids (Demitrack et al., 2015). The efficiency of organoid forma-
tion was determined by counting organoids 7 days after plating
and normalizing to the number of plated DIlI-mCherry+ cells
(1,000 cells per well).

Statistical Analyses

Prism software (GraphPad) was used for statistical analysis. All sta-
tistical comparisons were performed with three to eight biological
replicates per group. Quantitative data are presented as mean =+
SEM. Comparisons were analyzed between two groups with un-
paired two-tailed Student’s t test and between three or more groups
by one-way ANOVA with Dunnett’s post-test. Significance is re-
ported as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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