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SUMMARY

Upon leucine-rich repeat-containing G-protein-coupled re-
ceptor 5-positive crypt base columnar loss, reserve stem
cell populations can repopulate the stem cell niche. This

study shows that defensin «4-Cre-expressing cells are fated
to become mature Paneth cells during normal homeostasis,
but Notch activation or doxorubicin injury causes their
dedifferentiation into multipotent stem cells.

BACKGROUND & AIMS: Loss of leucine-rich repeat-containing
G-protein-coupled receptor 5-positive crypt base columnar cells
provides permissive conditions for different facultative stem cell
populations to dedifferentiate and repopulate the stem cell
compartment. In this study, we used a defensin «4-Cre
recombinase (Defa4Cre) line to define the potential of Paneth
cells to dedifferentiate and contribute to intestinal stem cell (ISC)
maintenance during normal homeostasis and after intestinal
injury.

METHODS: Small intestine and enteroids from Defa4“™;
Rosa26 tandem dimer Tomato (tdTomato), a red fluoresent
protein, (or RosaZ6 Enhanced Yellow Fluorescent Protein
(EYFP)) reporter, Notch gain-of-function (Defa4“"*;Rosa26 Notch
Intracellular Domain (NICD)-ires-nuclear Green Fluorescent Pro-
tein (nGFP) and D efa 4Cre’,Rosa26reverse tetracycline transactivator-ires
Enhanced Green Fluorescent Protein (EGFP);TetO"'P), A Dis-
integrin and Metalloproteinase domain-containing protein 10
(ADAM10) loss-of-function (Defa4“"%;ADAM10™"), and Adeno-
matous polyposis coli (APC) inactivation (Defa4<"¢:APC™*/°X) mice
were analyzed. Doxorubicin treatment was used as an acute
intestinal injury model. Lineage tracing, proliferation, and differ-
entiation were assessed in vitro and in vivo.

RESULTS: Defa4“"-expressing cells are fated to become mature
Paneth cells and do not contribute to ISC maintenance during
normal homeostasis in vivo. However, spontaneous lineage
tracing was observed in enteroids, and fluorescent-activated
cell sorter-sorted Defa4“"-marked cells showed clonogenic
enteroid growth. Notch activation in Defa4“-expressing cells
caused dedifferentiation to multipotent ISCs in vivo and was
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required for adenoma formation. ADAM10 deletion had no
significant effect on crypt homeostasis. However, after acute
doxorubicin-induced injury, Defa4“"*-expressing cells contrib-
uted to regeneration in an ADAM10-Notch-dependent manner.

CONCLUSIONS: Our studies have shown that Defa4“™-
expressing Paneth cells possess cellular plasticity, can dedif-
ferentiate into multipotent stem cells upon Notch activation,
and can contribute to intestinal regeneration in an acute injury
model. (Cell Mol Gastroenterol Hepatol 2019;7:533-554; https://
doi.org/10.1016/j.jcmgh.2018.11.004)

Keywords: Defensin; Paneth Cell; Intestinal Stem Cells; Regen-
eration; Enteroid; Notch; Chemotherapy.

See editorial on page 619.

he epithelial cell layer lining the small intestine
comprises repeating crypt-villus units with cycling
leucine-rich repeat-containing G-protein-coupled receptor
5-positive (Lgr5+) crypt base columnar (CBC) stem cells
located in the crypt base. These Lgr5+ CBCs undergo constant
renewal to replenish differentiated cells lining the intestine,
which is required to maintain intestinal homeostasis and tis-
sue integrity. The direct progeny of Lgr5+ CBCs are bipotent
transit-amplifying (TA) progenitors, which are short-lived,
rapidly cycling progenitors that give rise to all differentiated
secretory (eg, Paneth cells, goblet cells, and enteroendocrine
cells) and absorptive enterocyte cell types. Paneth cells are
positioned between Lgr5" CBCs at the crypt base and secrete
granules containing antimicrobial products including lyso-
zyme and defensins and, as part of the niche, provide impor-
tant nutrient and stem cell niche signals. Although day-to-day
homeostasis largely is maintained by Lgr5+ CBCs, intestinal
injury and loss of the Lgr5+ CBC population has been shown
to activate other reserve stem cell and progenitor populations
that can dedifferentiate and revert to the stem cell state and
contribute to crypt regeneration.l'2
Intestinal regeneration experiments using DNA
damaging agents such as irradiation and chemotherapeutics
or genetic ablation of Lgr5+ CBCs have shown that many
different facultative stem cell populations can dedifferen-
tiate and acquire stem cell behavior."” Besides slowly
cycling cells located about 4 cells up from the crypt base
(+4 cells) identified using different Cre recombinase fused
to an estrogen receptor (CreER) reporter mice (eg, B lym-
phoma Mo-MLYV insertion region 1 homolog [Bmil+], Mouse
telomerase reverse transcriptase [mTert+], Homeodomain-
only protein homeobox [Hopx+]) that can undergo injury-
dependent stem cell reversion, there is growing evidence
that other progenitor populations as well as more
committed cell types from enterocyte, endocrine, and goblet
cell lineages show cellular plasticity.*# In addition, distinct
label-retaining cells (LRCs) that express Paneth cell and
enteroendocrine cell markers also are capable of dediffer-
entiation in vivo.'® Single-cell profiling of LRCs showed that
short-term LRCs are composed of distinct endocrine and
Paneth cell progenitor populations with in vitro enteroid
growth potential, whereas long-term LRCs are mature
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Paneth cells."* Although Lysozymel (Lyz1)“"**R-marked

Paneth cells recently were reported to possess reserve stem
cell function in response to radiation-induced damage,'® the
exact contribution of Paneth cell progenitors or mature Paneth
cells to other forms of intestinal injury have not been defined.

Notch signaling is critical for the maintenance and sur-
vival of Lgr5+ CBCs and regulates cell fate specification of
TA progenitors into enterocyte and secretory lineages.
Active Notch signaling promotes an absorptive cell fate and
generation of enterocytes, whereas loss of Notch signaling
causes an increase in secretory cell types and loss of pro-
liferative CBCs.'®'” A Disintegrin and Metalloproteinase
domain-containing protein 10 (ADAM10) is the a-secretase
responsible for initiating Notch signaling and is expressed in all
intestinal epithelial cells. We previously reported that
ADAM10-mediated Notch signaling is required for the survival
and maintenance of Lgr5+ CBCs."® ADAM10 deletion in Lgr5™
CBCs places stress on the stem cell compartment, thereby
creating permissive conditions for a regenerative response.
Intriguingly, Notch activation enhances crypt regeneration
under these permissive conditions."® Indeed, Notch activity is
enhanced by DNA damaging agents in several cell types
including Paneth cells, and Notch inhibition reduced intestinal
regeneration after irradiation, indicating that increased Notch
activity was required after injury.' > °~%? These results suggest
a possible role for active Notch signaling in the mobilization
and/or dedifferentiation of specific facultative reserve stem
cell populations in response to acute intestinal injury.

In the current study, we show that defensin « 4-Cre
(Defa4“")-expressing Paneth cells are capable of dedifferen-
tiation to a stem-like state upon Notch activation and can
contribute to regeneration after acute doxorubicin (DXR)-
induced intestinal injury, in a Notch-dependent manner.

Results
Defa4®™-Expressing Cells Do Not Contribute to
Intestinal Stem Cell Maintenance During Normal

Intestinal Homeostasis In Vivo
To study the cellular plasticity of Paneth cells, we used a
Defa4“™ knock-in mouse line in which an ires-Cre cassette

Abbreviations used in this paper: ADAM10, A Disintegrin and Metal-
loproteinase domain-containing protein 10; APC, adenomatous polypo-
sis coli; CBC, crypt base columnar; CreER, Cre recombinase fused to an
estrogen receptor; DAPI, 4 ,6-diamidino-2-phenylindole; Defa4, defensin
o4; DXR, doxorubicin; EdU, 5-ethynyl-2’-deoxyuridine; EGFP-ires,
enhanced green fluorescent protein-internal ribosomal entry site; ENR,
epidermal growth factor, noggin and R-Spondin 2; EpCAM, epithelial cell
adhesion molecule; EYFP, enhanced yellow fluorescent protein; FACS,
fluorescence-activated cell sorter; ISC, intestinal stem cell; Lgr5,
leucine-rich repeat-containing G-protein-coupled receptor 5; LRC, label-
retaining cell; MUC2, mucin 2; nGFP, nuclear green fluorescent protein;
NICD, Notch intracellular domain; OCT, optimum cutting temperature;
PAS, periodic acid-Schiff; PBS, phosphate-buffered saline; PFA, para-
formaldehyde; RT, reverse-transcription; rtTA, reverse tetracycline
transactivator; TA, transit amplifying; tdTomato, tandem dimer Tomato;
UEA-1, Ulex Europaeus Agglutinin I; WENR, ENR + Wnt3a.
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was inserted 23 bp downstream of the translational stop
sequence within exon 2.”° To validate that the Defa4“™
mouse line constitutively expressed Cre in Paneth cells,
Defa4“™ mice were crossed with different Rosa26 reporter
mice (ie, R05026tandem dimer Tomato (tdTomato) or RosaZ6Enhanced
Yellow Fluorescent Protein (EYFP)). Whole-mount imaging of the
small intestine from Defa4“*;Rosa26""°™* mice showed
Tomato+ cells located specifically in the crypt base in a
pattern consistent with increasing numbers of Paneth cells
found in crypts along the duodenal-ileal axis (Figure 14). To
confirm Paneth cell-specific expression of Tomato+ cells,
co-staining with the Paneth cell marker lysozyme was per-
formed. Tomato expression co-localized with lysozyme and
the percentage of Tomato+ cells that were lysozyme+ was
greater than approximately 98% throughout the small in-
testine (Figure 1B and C). However, when the percentage of
lysozyme+ cells that were Tomato+ was assessed, only
approximately 71% co-stained in the duodenum, indicating
that a significant number of Paneth cells only expressed
lysozyme in this region. In the jejunum and ileum these
percentages increased to approximately 89% and approxi-
mately 96%, respectively; a profile comparable with
endogenous Defa4 gene expression along the duodenal-ileal
axis.”*™?® Similarly, Tomato expression co-localized with
other Paneth cell-specific markers, matrix metal-
loproteinase 7 and lectin Ulex Europaeus Agglutinin I
(UEA-1) (Figure 1D and E). Importantly, no Tomato+ cells
were 5-ethynyl-2’-deoxyuridine (EdU)+ within any crypts
of the entire mouse small intestine (Figure 1F) with the
exception of one crypt in which a single Tomato+, EdU+
cell was located at the edge of the Paneth cell zone. To
further assess the relationship between Tomato+ Paneth

cells and Lgr5+ CBCs, Defa4“"*;Rosa26"7°™™° mice were
bred with LgrSEnhanced Green Fluorescent Protein (EGFP)- Internal

Ribosomal Entry Site (IRES)-CreER

mice. Immunofluorescence
staining showed that Tomato™ " Paneth cells were a distinct
cell population located between Green Fluorescent Protein
(GFP)™™ Lgr5+ CBCs in the crypt base as reported previ-
ously.”” Interestingly, in rare GFP+ crypts, double-positive
Tomato""*/GFP*"" cells were detected immediately
above the Tomato™™ Paneth cell zone (Figure 1G). Taken
together, these results indicate that Defa4“-expressing
cells are primarily postmitotic Paneth cells. Significantly, no
Tomato+ crypt-villus lineage tracing was detected in
Defa4“"*;Rosa26"7°m® (or Defa4“"*;Rosa26""™") mice at
baseline, indicating that all Defa4“"-expressing cells were
fated to become Paneth cells and these Tomato+ Paneth
cells do not contribute to intestinal stem cell (ISC) mainte-
nance during normal intestinal homeostasis.

Enteroids Generated From Defa4®"®,
Rosa26'97°™Ma Jejunal and lleal Crypts Can
Undergo Sporadic Tomato+ Lineage Tracing

The majority of enteroids generated from Defa4“";
Rosa26'7°™m® jejunal and ileal crypts express Tomato+
cells within bud structures in which individual Tomato+
cells are interspersed between Tomato- cells in a Paneth
cell pattern analogous to their crypt distribution in vivo
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(Figure 24). In addition, these Tomato+ cells retained their
Paneth cell identity as they co-expressed Paneth cells
markers lysozyme and lectin UEA-1 (Figure 2B). Interest-
ingly, buds from jejunal enteroids express fewer Tomato+
cells than their ileal counterparts, suggesting that regional
Paneth cell programming is conserved in vitro as reported
by others (data not shown).”® Although no Tomato+ line-
age tracing was detected in vivo (Figure 1), sporadic
Tomato+ lineage tracing in enteroids was observed, sug-
gesting that Tomato+ cells can dedifferentiate to multi-
potent stem cells in vitro. To further understand the origin
of these lineage events, freshly isolated jejunal and ileal
crypts were cultured in media containing epidermal
growth factor (EGF), Noggin and R-spondin 2 (ENR media)
and the number of crypts that produced Tomato+ lineage
traced enteroids was counted. Overall, approximately
0.5%-0.7% of all jejunal and ileal crypts underwent
spontaneous Tomato+ lineage tracing (Figure 2C). As
shown in Figure 2C, individual crypts could undergo
Tomato+ lineage tracing either at the initiation of enteroid
growth or it occurred within individual buds of developing
enteroids. Upon passaging, these Tomato+ lineage traced
buds would produce enteroids composed entirely of
Tomato—+ cells (data not shown). Furthermore, when hand-
picked enteroids showing the Paneth cell pattern were
continuously cultured, they also underwent sporadic
Tomato—+ lineage tracing at a rate similar to cultured crypts
(data not shown). Flow cytometric analysis based on To-
mato and EdU expression in jejunal enteroids showed that
Tomato- and Tomato+ cell populations represented
approximately 8.8% and approximately 1.2% of the total
enteroid cell population, respectively. Of the total enteroid
population, approximately 25% of cells were EdU+/To-
mato-, but a small population of cells were EdU+/Toma-
to+ (~0.15%) (Figure 2D). This low but detectable level of
Tomato+/EdU+ cells in enteroids indicates that the pro-
liferative status of Tomato+ cells had increased in vitro as
compared with in vivo. Because sporadic lineage tracing
occurred from cultured crypts and hand-picked Paneth cell
enteroids, it suggests that the organoid culture conditions
can promote cellular plasticity of Defa4“"*-expressing cells.

Fluorescence-Activated Cell-Sorted Tomato+
Cells Isolated From Defa4“™;Rosa26tdTomato
Crypts Are Capable of Clonogenic
Enteroid Growth

We next set out to test whether fluorescence-activated
cell sorter (FACS)-sorted Tomato+ cells obtained from
freshly isolated jejunal crypts of Defa4“";Rosa26Tomaw
mice were capable of clonogenic enteroid growth. Epithelial
cell adhesion molecule (EpCAM)+ epithelial cells were
sorted based on Tomato expression and the cultured in ENR
media or ENR + Wnt3a (WENR) media as described in the
Materials and Methods section. Flow cytometric analysis of
the EpCAM+/Tomato+ cell population showed a major cell
population of EpCAM+/Tomato™" cells, and a smaller
diverse  population of EpCAM+/Tomato"™" cells
(Figure 34). Both Tomato™"" and Tomato™" cells could be
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Figure 2.Enteroids generated from small intestinal crypts of Defa4™-expressing cells are capable of sporadic
Tomato+ lineage tracing. (A) Phase-contrast and immunofluorescent images of jejunal enteroid expressing Tomato+ cells
within bud structures. (B) Immunofluorescence staining showing co-localization of Tomato expression with lysozyme and
UEA-1 in enteroids. (C) Quantification of crypts generating enteroids showing only Paneth cell expression (ie, no lineage
tracing) vs Tomato+ lineage tracing (N = 3 mice). Right: top panels, 5-day-old crypt culture undergoing complete Tomato+
lineage tracing. Bottom panels, Tomato+ lineage tracing within individual buds of a 12-day-old enteroid. (D) Flow cytometric
analysis of different Tomato and EdU-expressing cell populations isolated from enteroids. Right: Quantification of individual
gated cell populations (N = 4). Scale bars: 100 um. Tom, Tomato.

visualized after sorting (Figure 3B). Clonogenic enteroid
growth of Tomato- and Tomato+ cells occurred only in
WENR media with an efficiency of approximately 0.25% and
approximately 0.69%, respectively (Figure 3C). Interest-
ingly, EpCAM+/Tomato- cells generated spherical enteroids
that initially were Tomato-, but upon further culturing and

bud development, re-expressed Tomato+ cells in a normal
Paneth cell distribution within these bud structures
(Figure 3D). By contrast, FACS-sorted Tomato+ cells
directly produced spherical enteroids that were completely
Tomato+ and these continued to express Tomato
throughout the entire enteroid upon bud development.

Figure 1. (See previous page). Defad4®™

-expressin%
nohistochemical analysis of small intestine from Defa4

cells are dl’)_ostmitotic Paneth cells. (A-F) Whole-mount and immu-
"®-Rosa26"

omato (N — 8) mice. (A) Representative whole-mount images

of Tomato+ cells in the small intestine. (B) Immunofluorescent staining of Tomato+ cells with lysozyme. *Lysozyme+ cell that
is Tomato-. (C) Quantification of percentage of Tomato+ that are Lysozyme+- cells and the percentage of lysozyme+ that are
Tomato+ cells (N = 3 mice). (D-F) Immunofluorescent staining of Tomato+ cells with matrix metalloproteinase 7 (MMP?7),
lectin UEA-1, and EdU, respective}_y. (F) White arrow indicates Tomato+/EdU+ cell. (G) Immunofluorescent staining of
Tomato+ cells with GFP in Lgr5EGFF-ires=CreERpefagCre:Rosa26@7omat crypts (N = 4 mice). White arrows indicate Toma-
to"°W+GFP-"* cells. Scale bars: 20 um. *P < .05 and **P < .01.
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Figure 3. FACS-sorted Tomato+ cells are capable of clonogenic enteroid growth. (A) Representative flow cytometric
gating of EpCAM+ and Tomato expression used for FACS sorting of single-cell suspensions of isolated jejunal Defa4°";

Rosa26'7°mat crypts. Left: Control, rat IgG2a—fluorescein

isothiocyanate antibody. Right: Rat anti-EpCAM-fluorescein

isothiocyanate antibody. (B) Phase-contrast and immunofluorescent images of FACS-sorted Tomato™*"* (left) and Tomato+

(right) cells. (C) Quantification of clonogenic growth of FACS-

brane Extract (BME) (N = 5). (D) Phase-contrast and immuno

sorted Tomato- and Tomato-+ cells grown in Basement Mem-
fluorescent images show clonogenic organoid growth and To-

mato expression in individual FACS-sorted Tomato- and Tomato+ cells. Scale bars: (B) 10 um; (D) 100 um. Tom, Tomato.

These results indicate that Tomato+ cells isolated directly
from crypts are capable of clonogenic enteroid growth
in vitro. Thus, freshly isolated Tomato+ Paneth cells show
cellular plasticity and capacity for dedifferentiation to a
stem cell state in an enteroid growth assay.

Notch Activation in Defa4“"®-Expressing Cells

Generates Multipotent Stem Cells

Lgr5+ CBCs and different crypt progenitors have similar
chromatin signatures, providing a plausible explanation for
the high level of cellular plasticity observed in these stem/
progenitor populations. One potential outcome of these
findings is that cellular identity/programming of different
stem/progenitor cell populations can be altered by changes
in transcription factor occupancy.®?° We previously showed
that ADAM10 deletion in Lgr5+ CBCs leads to ISC failure
and crypt loss.'® Intriguingly, Notch activation not only
rescues this phenotype, but also enhances the regenerative
response, presumably by dedifferentiating Lgr5+

progenitors and increasing the number of multipotent stem
cells available to repopulate the stem cell compartment.*®
Based on these observations and the cellular plasticity of
Tomato+ cells in Defa4“";Rosa26"7°™* enteroids, we
reasoned that Notch activation may increase the cellular
plasticity of Tomato+ Paneth cells directly and allow dedif-
ferentiation to a stem cell state. To test this hypothesis, we
generated Defa4Cre;ROS(126Notch intracellular domain (NICD)-ires-nGFP
mice, which constitutively express an active NICD.'®
Defa4“"*;Rosa26MPresn¢FP mice were healthy and sur-
vived beyond ~18 months of age (data not shown). As
predicted, robust NICD+/nGFP+ crypt-villus lineage
tracing was detected, particularly within the ileum, indi-
cating that Notch activation had dedifferentiated Defa4™-
expressing cells into multipotent stem cells (Figure 44 and
B). Similar to the profile of lysozyme and Tomato+ co-
expression found along the small intestine of Defa4“";
Rosa26"7°™% mice (Figure 1), we also observed increasing
NICD+/nGFP+ lineage tracing along the small intestine. In
the duodenum and proximal jejunum, the efficiency of
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Figure 4.Notch activation in Defa4°™

Immunohistochemical analysis of the ileum from (A, C, and E) Defa4“®;Rosa265"™ (N = 3) and (B, D, and F) Defa4“";
Rosa26NCP-res-nGFP (n — 5'and n = 2 > 71 wk) mice. (A) Immunofluorescent staining of GFP expression. (B) Immunofluo-
rescent staining of NICD (nGFP+) expression. (C and D) H&E staining. (E and F) Immunofluorescent staining of EdU+ cells.
(G) Quantification of EdU+ cells by crypt cell gosition (N = 3 per genotype). (H) Quantification of crypt depth and

-expressing cells induces robust lineage tracing in vivo and in vitro.

villus heil%ht'(Defa4c’e;Rosa26EYFP, N = 3; Defa4“"®;Rosa26™N'CP-resnGFP "N — 5). (1) lleal enteroids derived from Defa4°™;
Rosa26NCP-resnGFP | oft and middle: Whole-mount fluorescent and phase-contrast images, respectively. Right:
Immunofluorescent staining of NICD (nGFP+) in frozen section of enteroid. Scale bars: 20 um. *P < .05 and *P < .01.
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Figure 5. Notch activation in Defa4°"-expressing cells leads to loss of secretory cell differentiation and increased
expression of the stem cell marker Olfm4. Histologic and immunofluorescent staining of the small intestine from Defa4°";
Rosa265"™" and Defa4®™®;Rosa26™CPres-nGFF mice. (A) PAS/Alcian blue staining. Dashed line denotes wild-type crypt in
jejunum of Defa4®"®;Rosa26™N'CPesMGFP intestine. (B) Immunofluorescent staining of GFP or NICD (nGFP+) with cell
type-specific markers, lysozyme, MUC2, chromogranin A, and villin. (C) Immunofluorescent staining of GFP or NICD (nGFP-+)

with the stem cell marker Olfm4. Scale bars: 50 um.

NICD+/nGFP+ lineage tracing events occurred at a low
level (~10%), whereas in the distal ileum the lineage
tracing efficiency reached levels greater than 90% (data not
shown). Although the explanation for this mosaicism is not
known, the long-term viability of these animals likely is
owing to sufficient wild-type crypts being present within the

duodenum and proximal jejunum to maintain normal in-
testinal function.

H&E analysis showed that Notch activation had caused
crypt enlargement and that the crypt-villus units were lined
with relatively undifferentiated cells (Figure 4C and D).
Consistent ~ with  their = morphologic  appearance,
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Figure 6. Inducible Notch activation in adult Defa4°"-expressing cells allows for dedifferentiation and lineage tracing.

(A) Schematic of inducible Notch activation in adult Defa
tetracycline transactivator will bind the tetrac¥cline res
Defa4®™-expressing cells. Defa4°"®;Rosa26"

4Cre

. onse element (TRE) in Tet
A-ires-EGEP-TotONICP mice (N = 5) received 2 mg/mL doxycycline in water for 2

-expressing cells. In the presence of doxycycline, reverse
ONICP allele and activate NICD expression in

weeks. (B) Immunofluorescent staining with GFP antibody. Top: No doxycycline (N = 4). Bottom: Two weeks on doxycycline

(N = 5). Scale bars: 20 um.

NICD+/nGFP+ lineage-traced crypts showed increased
crypt cell proliferation and EdU+ cells extended further up
the crypts (Figure 4E and F). Correspondingly, NICD+/
nGFP+ crypt-villus units showed increased crypt depth and
villus height compared with controls (Figure 4H). In the
distal ileum, some NICD+/nGFP+ crypt-villus units had
even more pronounced hyperplastic features (Figure 4D and
F). Furthermore, enteroids generated from NICD+/nGFP+
ileal crypts were completely nGFP+, confirming their mul-
tipotent stem cell potential (Figure 41).

Because Notch activation promotes enterocyte lineage
specification at the expense of secretory cell types, there
was a complete loss of secretory cell differentiation in
NICD+/nGFP+ crypt-villus units as confirmed by periodic
acid-Schiff (PAS)/Alcian blue staining (Figure 5A4) and
absence of lysozyme, mucin 2 (MUC2) (goblet cell), and
chromogranin A (enteroendocrine) staining (Figure 5B). By
contrast, the enterocyte markers villin and alkaline phos-
phatase (data not shown) readily were detected at the villus
surface of NICD+4/nGFP+ crypt-villus units (Figure 5B)
consistent with Notch activation being permissive for
enterocyte differentiation. To further assess the stem/pro-
genitor cell compartment in NICD+/nGFP+ crypts, we
examined the expression of Olfm4, which is a surrogate
marker of Lgr5 CBCs*® and a known Notch target.*' Olfm4
was greatly up-regulated in cells of the crypt base of
Defa4“";Rosa26N"Pres TGP mice, confirming that Defa4“"-
expressing cells had dedifferentiated into multipotent stem
cells resembling Lgr5+ CBCs that, because of constitutive
Notch activation, were only capable of enterocyte lineage
programming (Figure 5C).

Inducible Notch Activation in Adult Defa®"-
Expressing Cells Generates Crypt-Villus
Lineage Tracing

In the earlier-described Notch activation studies, NICD
was expressed constitutively using the Defa4“™ knock-in
allele, raising the possibility that NICD expression and
subsequent dedifferentiation may have occurred before
weaning.”**>** To test if Notch activation in adult Defa4“"-
expressing cells could induce lineage tracing, we generated
D efa 4Cre; R Osa26reverse tetracycline  transactivator (rtTA)-ires-EGFP;
TetO"'“P mice in which NICD expression was doxycycline-
inducible®® (Figure 64). Adult Defa4“"®;Rosa26" " resECFP,
TetO"'“ mice were treated with doxycycline in drinking
water for 2 weeks and then analyzed. Immunofluorescent
staining showed robust GFP+ crypt-villus units within the
small intestine (Figure 6B), clearly showing that adult
Defa4“"-expressing cells can undergo dedifferentiation to
multipotent stem cells upon Notch activation.

Notch Activation Rapidly Induces Crypt
Hyperplasia and Adenoma Formation Upon
Biallelic Loss of Adenomatous Polyposis Coli in
Defad®" Mice

Recent analysis of Wnt-dependent adenoma models has
suggested that only cells with stem/progenitor-like prop-
erties are susceptible to adenoma formation.**** To further
validate the ability of Notch activation to dedifferentiate
Defa4“"-expressing cells into multipotent stem cells, ade-
noma formation was studied in a model of biallelic APC
inactivation using Defa4“",;APC™/M°% mice and Defa4“";
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APC1¥/f10X. Rosq2 NP resnGEP hice, Notably, Defa4cre;
APC™*fX mice were healthy and survived beyond 5
months of age, whereas Defa4cre;APCﬂ"X/ fiox. Rosa2 GNP ires-nGFP
mice rapidly died and no mice survived beyond postnatal
day 26 (Figure 74). The morphologic appearance of the
small intestine from Defa4cr"’;APCﬂ"X/ﬂ"X mice was normal.
By contrast, severely dysplastic crypts and early adenoma
formation were observed upon Notch activation and similar
to the pattern of NICD+/nGFP+ lineage tracing described
earlier, and adenoma formation was more pronounced in
the distal ileum (Figure 7B). Despite strong nuclear (-
catenin staining in the Paneth cells of Defa4¢%;AP(ox/f1ox
mice, suggesting APC inactivation and increased Wnt activ-
ity, normal crypt proliferation and secretory differentiation
as well as normal Olfm4 expression was observed in crypts
from these mice (Figure 7B). These results indicate that APC
inactivation and increased Wnt activity alone in Defa4“"-
expressing cells is unable to transform these cells. However,
upon Notch activation, we observed dysplastic crypts and
adenomas with strong nuclear §-catenin staining associated
with a marked increase in cell proliferation, a loss of
secretory differentiation, and robust expansion of Olfm4-
expressing cells (Figure 7C). These results clearly show
that Notch activation had dedifferentiated Defa4“"-
expressing cells into stem/progenitor-like cells that were
now susceptible to adenoma formation by APC inactivation.

ADAM10 Deletion in Defad®"-Expressing Cells

Does Not Alter Normal Crypt Homeostasis
ADAM10 is the «a-secretase responsible for ligand-
dependent Notch activation in the intestine.'”'® Studies
using intestine-specific ADAM10-deficient mice have shown
that ADAM10 is required for ISC maintenance and cell fate
specification in vivo and in enteroids in vitro and is a sur-
rogate method to study global Notch loss-of-function.’® To
study the effects of ADAM10 deletion in Paneth cells, we
generated  Defa4“";ADAM10"T°X:Rosa26"7°m®  mice.
Analysis of isolated crypts and FACS-sorted Tomato+ cells
confirmed efficient ADAM10 recombination in these
Tomato+ Paneth cells (Figure 84). Immunofluorescence
staining with lysozyme showed a normal distribution of
Tomato+ Paneth cells within crypts throughout the small
intestine (Figure 8A4). Additional immunofluorescent and
histologic staining showed no changes in the expression of
other cell type-specific markers, MUC2, chromogranin A,
alkaline phosphatase, and villin (enterocyte, data not
shown), or PAS/Alcian blue staining (Figure 8B). Impor-
tantly, no changes in proliferation or Olfm4 expression were
detected in Defa4“"*;ADAM10-deficient mice (Figure 8C).
Similar to Defa4“"*;Rosa26"7™* mice, no Tomato+ lineage
tracing was observed in ADAM10-deficient mice at baseline.
Taken together, these results suggest that ADAM10 loss in
Defa4“"-expressing cells does not perturb the ISC
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compartment, crypt proliferation, or cell fate specification
during normal intestinal homeostasis.

Defa4cre;ADAM10-deficient enteroids were viable and
showed a similar Paneth cell distribution of Tomato+ cells
within bud structures as wild-type Defa4“"*;Rosa26"7°m%
enteroids (data not shown). However, similar to wild-type
Defa4“"*;Rosa26"7°™ ™ crypts, sporadic Tomato+ lineage
tracing also was observed in enteroids generated from
jejunal and ileal crypts from Defa4“";ADAM10-deficient
mice (Figure 8D). Because ADAM10 loss causes enteroid
growth failure,'® we examined whether these Tomato+
lineage tracing events had escaped ADAM10 recombination.
Indeed, the nonrecombined ADAM10 floxed allele and
normal Adam10 messenger RNA levels readily were detec-
ted. In addition, ADAM10 immunofluorescence staining
showed robust expression throughout these Tomato+
enteroids (Figure 8E). These data indicate sporadic Toma-
to+ lineage tracing events in Defa4“"*;ADAM10-deficient
enteroids had escaped ADAM10 deletion.

Defa4“"®-Expressing Cells Contribute to
the Regenerative Response After
Doxorubicin-Induced Intestinal Injury

The intestinal epithelium is extremely sensitive to DNA-
damaging agents such as chemotherapy and ionizing
radiation, but rapidly can regenerate through crypt cell
proliferation and crypt fission to repopulate the intestine."”
Lineage tracing studies have shown that several different
stem and progenitor cell populations can be mobilized and
contribute to this regenerative response.”” To test if
Defa4“"-expressing cells also can contribute to the regen-
erative response after acute intestinal injury, Defa4“"™;
Rosa26' ™% mice were treated with DXR, a topoisomerase
II inhibitor that blocks DNA replication causing cell
apoptosis. Robust but variable Tomato+ lineage tracing was
observed 7 days after DXR treatment, whereas untreated
mice had no such events (Figure 94). Although Tomato+
lineage tracing was observed throughout the small intestine,
the majority of these lineage tracing events were located in
the duodenum and proximal jejunum where the most severe
intestinal injury was observed (data not shown). Immuno-
fluorescent staining confirmed that Tomato was co-
expressed with multiple intestinal cell types including
lysozyme (Paneth cell), MUC2 (goblet cell), chromogranin A
(enteroendocrine cell), and villin (enterocyte, data not
shown) in these Tomato+ crypt-villus units (Figure 9B).
These Tomato+ lineage-traced crypts also were hyper-
proliferative as noted by increased EdU+ cells within the
crypts. In addition, Olfm4 still was expressed at the crypt
base, indicating that Defa4“"*-marked cells had dediffer-
entiated in Lgr5+-like stem cells (Figure 9B). Furthermore,
increased lineage tracing events were observed when
jejunal enteroids from Defa4“"*;Rosa26"""™* mice were

Figure 7.(See previous page). Notch activation induces crypt hyperplasia and adenoma formation in Defa4°re;

APCTox/flox mjce, (A) Survival curve for DefadC™;APCTox/fox (N =

7) and Defad“";APC""*X;Rosa26™'°P"*5 " P (N = 10) mice.

(B) H&E analysis and §-catenin staining. Left and middle: lleum. Right: proximal jejunum. (C) Immunofluorescent staining of cell
proliferation (EdU) and Olfm4 within the ileum. Upper right. PAS/Alcian blue staining. Scale bars: 50 um.
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treated with DXR (data not shown). Overall, these results
indicated that Defa4"-expressing cells can dedifferentiate
in multipotential stem cells and contribute to the regener-
ative response after DXR-induced injury in vivo and in vitro.

ADAM10 Deletion in Defad®"-Expressing
Cells Inhibits the Regenerative Response
After Doxorubicin

To determine if Notch activity was responsible for DXR-
induced dedifferentiation of Defa4“-expressing cells, we
used Defa4cre;ADAM10ﬂ"X/ﬂ°X mice as a model of Notch
loss-of-function. As shown in Figure 9C and D, the number of
DXR-induced Tomato+ lineage tracing events was reduced
upon ADAM10 deletion (Figure 9C and D). More impor-
tantly, all Tomato+ crypt-villus units detected had retained
ADAM10 expression, indicating that all Tomato+ lineage
tracing events had escaped ADAM10 recombination and no
ADAM10-deficient Tomato+ lineage tracing was present
(Figure 9C and D). These findings indicate that ADAM10-
dependent Notch signaling was required for DXR-induced
mobilization and dedifferentiation of Defa4“"*-expressing
cells into multipotent stem cells.

Discussion

Lgr5+ CBCs are required for normal day-to-day intesti-
nal homeostasis, however, other facultative reserve stem
cell populations within the crypt are capable of repopulating
the stem cell niche and restoring the Lgr5+ stem cell pool
upon injury."” In this study we have used Defa4“*-
expressing Paneth cells to investigate the cellular plasticity
of Paneth cells and their contribution to ISC maintenance
during intestinal homeostasis and regeneration after DXR-
induced injury. We showed that Defa4“"*-marked cells nor-
mally are fated to become postmitotic Paneth cells and do
not contribute to ISC maintenance under normal homeo-
static conditions. However, upon Notch activation, Defa4cre-
expressing Paneth cells can efficiently dedifferentiate into
multipotent stem cells in vivo. Additional evidence for the
ability of active Notch signaling to dedifferentiate Defa4“"-
marked Paneth cells was attained through studies of APC-
dependent adenoma formation. Biallelic loss of Apc in
Defa4“™-expressing cells had no effect on the intestinal
epithelia and no adenoma initiation was observed. In
contrast, when Notch activation was combined with Apc
loss, a rapid onset of crypt hyperplasia and adenoma
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formation was observed. This result indicated that Notch
activity had dedifferentiated Defa4“"*-expressing cells into a
stem/progenitor-like state that was susceptible to WNT
pathway hyperactivation and tumor formation. DNA
damaging agents such as chemotherapeutics and high-dose
v radiation, which efficiently kill cycling cells, have been
used extensively to assess the contribution of different
facultative reserve stem cell populations in intestinal
regeneration. In the DXR injury model, we detected robust
but variable lineage tracing, indicating that Defa“"-
expressing Paneth cells had undergone reversion to a stem
cell state. ADAM10 is the a-secretase responsible for initi-
ating ligand-dependent Notch activation within the intes-
tine. Genetic deletion of Adam10 in Defa4“"*-marked cells
had no effect on the ISC compartment or crypt homeostasis.
However, in the DXR-injury model, loss of Adam10 blocked
the ability of these cells to revert to multipotent stem cells,
implying that Notch signaling is required for their dedif-
ferentiation and contribution to the regenerative response.
Taken together, these data argue that Defa4‘"*-expressing
Paneth cells do not contribute to ISC maintenance during
normal intestinal homeostasis but can act as injury-resistant
facultative reserve stem cells that require Notch activation
to dedifferentiate into multipotent stem cells.

Complex interactions between Wnt and Notch signaling
pathways are required for ISC maintenance and to regulate
differentiation required for intestinal homeostasis. Notch
signaling is active in Lgr5+ CBCs and is required for stem
cell proliferation and survival in an Atohl-independent
manner. Separately, Notch controls cell fate decisions of
short-lived, bipotent TA progenitors by regulating Atohl
expression.16 Notch activation induces Hes1, which tran-
scriptionally represses Atoh1 expression in TA progenitors
driving differentiation toward the enterocyte lineage,
whereas adjacent progenitors that escape Notch activation
express Atohl and are fated to the secretory lineage. Several
transcription factors downstream of ATOH1, including
Sterile alpha motif pointed domain containing E26 trans-
formation-specific transcription factor and growth factor
independent 1 are important for differentiation of Paneth
and goblet cells.'®*°7*® In addition, 8-catenin/Wnt signaling
and its downstream transcription factor Sox9 also are
required for Paneth cell development and differentiation,
highlighting the interdependency of Wnt and Notch
signaling in Paneth cell programming and function.***°

Cellular plasticity and dedifferentiation within the
intestine can be explained, in part, by broadly permissive

Figure 8. (See previous page). ADAM10 deletion in Defa.

4Cre

-expressing does not alter Paneth cell localization or in-

testinal homeostasis. Analysis of small intestine and enteroids from Defa4“"®;ADAM10™°1°%:Rosa267°™a mice (N = 3). (A)
Immunofluorescent staining of Tomato+ cells with lysozyme. Right: Analysis of ADAM10 recombination in isolated crypts and
FACS-sorted Tomato+ cells. Mouse genotypes: (1) wild-type Defa4®™®;Rosa26'@7°™a%° and (2) Defad®;ADAM10"ox/fox.
Rosa26'7°mat (B) Immunofluorescent staining of Tomato+ cells with MUC2 and chromogranin A (CHGA). Right: PAS/Alcian
blue staining. (C) Immunofluorescent staining of Tomato+ cells with EAU and Olfm4. (D) Quantification of jejunal crypts
generating enteroids showing only Paneth cell expression (ie, no lineage tracing) vs Tomato+ lineage tracing (N = 3). Right:
Enteroids showing complete Tomato+ lineage tracing. (E) Immunofluorescent staining of Tomato+ lineage traced enteroids
with ADAM10. Middle: Analysis of ADAM10 recombination in Tomato+ lineage traced enteroids. Right: RT-PCR analysis of
ADAM10 exon 8-9 expression. Mouse genotypes: (1) wild-type Defa4®™®:Rosa26™™°™a° and (2) Defad°®;ADAM10"oX/fox.
Rosa26'@7°mat  Scale pars: (A-C and E) 20 um; (D) 100 um. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; WT,
wild-type.
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chromatin found in different stem cell, enterocyte, and
secretory progenitor cell populations. In addition, more
committed enteroendocrine and goblet cell lineages can
undergo chromatin reorganization, allowing dedifferentia-
tion to an ISC-like chromatin state.®* The extracellular
signals that regulate these plasticity events at the level of
transcription factor activity and chromatin reorganization
are poorly defined, but these results imply that cellular
identity/programming of different progenitor cell pop-
ulations can be defined by transcription factor occupancy
within this open chromatin.®*° ADAM10-mediated Notch
signaling is crucial for survival and maintenance of Lgr5+
CBCs. Analogous to other Lgr5+ CBC injury models, we
showed previously that ADAM10 deletion in Lgr5+ CBCs
leads to an imbalance within the ISC compartment that
promotes permissive conditions for regeneration. Notch
activation under these permissive conditions enhances the
repopulation of the ISC compartment, presumably by
driving the dedifferentiation of ADAM10-deficient Lgr5+
progeny back to a multipotent stem cell state.'”'® In the
present study, we showed that Defa4“*-expressing Paneth
cells, which are differentiated postmitotic secretory cells
that lack Notch activity, can upon either constitutive or
inducible Notch activation dedifferentiate into multipotent
stem cells in vivo and in vitro. Sustained Notch activation
lead to increased expression of Olfm4, which is a surrogate
marker of Lgr5+ CBCs and a Notch gene target, indicating
that Defa4“"*-marked cells had dedifferentiated into Lgr5+
CBC-like cells. In addition, because Notch activation blocks
secretory lineage specification, no secretory cell types
including Paneth cells were detected in NICD+/nGFP+
lineage-traced crypts. However, as expected, villin and
alkaline phosphatase still were expressed, indicating that
Notch activation had driven fate specification toward
enterocyte progenitors and enterocytes. Thus, Notch acti-
vation had dedifferentiated Defa4“"*-expressing cells into
multipotent stem cells that expressed features of Lgr5+
CBCs and were capable of fate specification into the enter-
ocyte lineage.

Paneth cells show strong nuclear (-catenin staining
indicative of high Wnt activity and are highly sensitive to
changes in Wnt activity within the crypt compartment.
Acute loss of Wnt signaling results in depletion of Paneth
cells,**™** whereas broad activation of canonical Wnt
signaling results in the expansion of Paneth cell
numbers.*' Surprisingly, activation of Wnt signaling
through Apc inactivation in Defa4“"-expressing Paneth cells
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had no effect on intestinal homeostasis, and the normal
crypt expression of Olfm4 indicated that the stem/progen-
itor cell compartment also was not perturbed. Because
Paneth cells already possess high Wnt activity, it suggests
that Defa“"*-expressing Paneth cells are unable to respond
to additional cell-autonomous Wnt signaling. Beyond regu-
lating canonical Wnt signaling, APC has other distinct
functions including RNA binding and regulation and
microtubule nucleation.”®™*® It therefore will be important
to determine if Apc inactivation in Paneth cells alters other
aspects of Paneth cell differentiation and function.

Two primary models for the cellular origin of human
colorectal neoplasia have been described: the “bottom up“
model proposes that tumor initiation originates within the
crypt stem cell niche whereas the “top down” model pro-
poses that early adenoma formation occurs at the luminal
surface; an event physically independent of the crypt stem
cell niche.”? In support of the bottom-up model, several
mouse studies have shown that Cre-mediated Wnt activa-
tion in Lgr5+ CBCs and other reserve stem cell populations
(eg, Prom1+, Bmil+, or Lrigl+4) produce rapidly growing
adenomas.””**3> Interestingly, studies combining diph-
theria toxin receptor-mediated ablation of Lgr5* cells with
Apc deletion showed that adenoma initiation readily can
occur in the Lgr5~ cell population.”® However, further evi-
dence supporting the top-down model for tumor initiation
has required constitutive Wnt activation to be combined
with additional mutations, tissue injury, or changes in the
microenvironment such as inflammation.”*>* Analogous to
these studies, we found that Apc inactivation in combination
with constitutive Notch activation produced robust crypt
hyperplasia and adenoma formation in Defa4“"-expressing
cells in which Olfm4 expression was greatly expanded. Most
likely, Notch activation caused Defa4“"-expressing cells to
dedifferentiate into a stem/progenitor-like state that then
was responsive to Wnt hyperactivation resulting in ade-
noma initiation. Importantly, this result further supports the
view that Notch activation can induce cellular plasticity and
dedifferentiation of Defa4“*-marked cells.

For injury-resistant reserve stem cell populations, most
studies have focused on crypt regeneration in response to
DNA damaging agents. DXR, a chemotherapeutic agent,
causes rapid apoptosis and cell-cycle arrest of rapidly
proliferating cells and loss of Lgr54+ CBCs within the crypt
compartment, whereas Paneth cells are resistant to this
injury. During the regenerative phase, a Lgr5(-) stem cell
population expands and increased numbers of

Figure 9. (See previous page). Defa4°’e-expressing cells can dedifferentiate and contribute to regeneration after DXR-
induced injury. Analysis of DXR-treated (A and B) Defad“®;Rosa26™7°™3° and (C) Defa4“"e;ADAM10™ox/fox.
Rosa26'7°mat mice 7-10 days after treatment. (A) Tomato+ lineage tracing in the jejunum of untreated and DXR-treated
Defad®"®;Rosa26™™° M3 mice. Right: Quantification of Tomato+ lineage tracing events within a 5-cm region of proximal
jejunum (control, N = 8; DXR, N = 18). (B) Immunofluorescent staining of Tomato+ lineage tracing events with cell
type—-specific markers: lysozyme (Paneth cells), MUC2 (goblet cells), chromogranin A (CHGA) (enteroendocrine cells), and
Proliferation EdU) and stem cell markers, Olfm4. (C) Tomato-+ lineage tracing in jejunum of DXR-treated Defa4®"®;ADAM10"¥
1oX-Rosa26'970mMat co-stained with ADAM10. Right: Immunofluorescent staining of ADAM10 shown as a single channel from

the middle panel. (D) Quantification of Tomato+ lineage tracin

events within a 5-cm region of proximal jejunum from

Defa4";Rosa26'7°™mat° (N = 18) mice and Defa4°"®;ADAM10"°"X:Rosa26™@T0mato (N = 18) mice. Scale bars: 100 um. *P <
.05 and **P < .01. Ctl, control; NA, not applicable; ND, not detected.
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“intermediate” cells with Paneth and goblet cell markers
and mature Paneth cells are observed.”””® We showed that
robust, albeit variable, lineage tracing of Defa4“"*-marked
cells can occur upon DXR treatment in vivo. In these lineage-
traced crypts, Olfm4 expression was maintained in the crypt
compartment and all differentiated cell types were detected,
indicating that Defa4“"*-expressing cells had dediffer-
entiated into multipotent Lgr5+ CBC-like stem cells. Previ-
ous studies have shown that Notch activity is enhanced by
DXR in other systems?° and Notch inhibition reduced
regeneration after irradiation, signifying that higher Notch
activity is necessary after injury.'”? Significantly, we
showed that Adam10 loss blocked Defa4“™ lineage tracing,
indicating that cell-autonomous ADAM10-dependent Notch
signaling within these Paneth cells likely is involved in the
regenerative response. Because all secretory progenitors
including Paneth cell progenitors as well as mature post-
mitotic Paneth cells are defined by Atohl+ expression
owing to low Notch activity, it suggests that Notch signaling
has been up-regulated to confer the dedifferentiation
response. Although the mechanism for increased Notch ac-
tivity is undefined, ADAM10 proteolytic activity can be
up-regulated by changes in reactive oxygen species and in-
flammatory signals that are known to be generated by
different injury models and cancer.'”*’

Several groups have shown that LRCs have the capacity
to act as reserve stem cells."*'**? By using a histone H2B-
split-Cre reporter, Buczacki et al*® showed the potential of
LRCs to undergo lineage tracing after treatment with DNA-
damaging agents including DXR. Molecular profiling
showed that these LRCs had overlapping expression of both
endocrine and Paneth cell markers, suggestive of secretory
precursors. More detailed single-cell profiling has shown
that LRCs are a heterogenous population that can be cate-
gorized into short-term LRCs and long-term LRCs. Short
term-LRCs are 2 distinct populations of endocrine and
Paneth cell progenitors that have in vitro organoid growth
capacity, whereas long term-LRCs are mature Paneth cells."*
Based on constitutive expression of the Defa4“"® knock-in
allele and our preliminary identification of rare
Tomato"*""/GFP*"" cells above the main Paneth cell zone
in LgrSEGFP-ires-CreER;Defa4Cre;ROS(126thomato Crypts, it is
possible that Defa4“"-expressing Paneth cell progenitors
have the potential to undergo dedifferentiation. It will be
important to perform single-cell gene expression profiling to
further define the heterogeneity of the Defa4“"*-expressing
population. Nonetheless, this study clearly shows that
Defa4“-expressing Paneth cells can dedifferentiate and
contribute to intestinal regeneration after injury in a Notch-
dependent manner.

Materials and Methods
Animal Studies

All animal procedures were approved by the Institu-
tional Animal Care and Use Committee at the University of
Colorado Anschutz Medical Campus. The following
mouse strains were used in this study: Defa4“®??
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Lgr5ECFPiresCreERTZ (1A stock no. 008875; The Jackson
Laboratory, Sacramento, CA),27 Rosa26E"F (JAX stock no.
006148; The Jackson Laboratory),”” Rosa267°m (JAX
stock no. 007909; The Jackson Laboratory),*’ Rosa26""
iresnEGEP (JAX stock no. 008159; The Jackson Laboratory),®’
TetON'® (provided by Dr Ben Stanger, University of Penn-
sylvania, Philadelphia, PA),*® Rosa26" ™ "EGFP (JAX stock
no. 005670; The Jackson Laboratory),®> Adami0 floxed
allele,"® Apc floxed allele (APC 580S; provided by Dr Eric
Fearon, University of Michigan, Ann Arbor, MI),63 and mice
carrying a deletion for tumor necrosis factor (TNF) AU-rich
elements (ARE) (TNFAARE/+) TNF*4RE/* (provided by Dr
Eoin McNamee, University of Colorado, Aurora, CO) (All JAX
mice from The Jackson Laboratory, Sacramento, CA).64 All
experimental animals were adult mice, >8 weeks of age,
represented both sexes, and, when possible, littermate
controls were used.

EdU Administration and Tissue Collection

Mice were injected intraperitoneally with EdU (100 ug
per mouse, 1 mg/mL in phosphate-buffered saline [PBS],
C10337; Invitrogen, ThermoFisher Scientific, Carlsbad, CA)
1 hour before tissue collection. For histologic analysis, in-
testinal tissue was removed rapidly, flushed with ice-cold
PBS, opened longitudinally, and then fixed in cold 4%
Paraformaldehyde (PFA) in PBS overnight at 4°C. Tissue
then was Swiss-rolled before embedding in optimum cutting
temperature (OCT) compound, or paraffin embedded. For
RNA analysis, full-thickness intestine or scraped mucosa
was collected.

Whole-Mount Imaging of Intestinal Tissue

Freshly collected intestine was prepared as described
earlier and then briefly fixed in 4% PFA before being
mounted and imaged using an Olympus IX-71 (Olympus,
Melville, NY) inverted fluorescent microscope and DP72
digital camera.

Immunofluorescent and Immunohistochemical
Staining

Frozen and paraffin tissue sections (4-8 um) were used
for histologic analysis and immunohistochemistry, as pre-
viously described.'® Frozen enteroid sections (4-8 um)
were prepared from enteroids fixed in 4% PFA and
embedded in OCT. Primary and secondary antibodies, di-
lutions, and catalog numbers used are listed in Table 1.
Alkaline phosphatase staining (SK-5100; Vector Labora-
tories, Burlingame, CA) and PAS and Alcian blue staining
were performed according to the manufacturer’s in-
structions or by the Morphology and Phenotyping Core,
Gates Center of Regenerative Medicine. §-catenin staining
was performed on deparaffinized sections according to the
manufacturer’s protocol (MP-2400; Vector). EdU-labeled
cells were detected using the Click-iT EdU imaging kit
(C10337; Invitrogen, ThermoFisher Scientific, Carlsbad, CA).
Briefly, OCT slides were permeabilized with 0.1% Triton
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Table 1.Antibody Information

Antibody Company Catalog number Dilution
ADAM10 R&D Systems, Mineapolis, MN FAB946P 1:100
Alkaline phosphatase Rockland, Limerick, PA 200-4135S 1:2000
B-catenin Cell Signaling, Danvers, MA 9587S 1:100
B-catenin BD Biosciences, San Jose, CA 610154 1:100
Chromogranin A Abcam, Cambridge, MA Ab15160-1 1:200
E-cadherin Cell Signaling 31958 1:200
F4/80 BioLegend, San Diego, CA 122601 1:100
GFP Invitrogen, ThermoFisher Scientific A10262 1:200-1:400
Ki67 Abcam Ab16667 1:100
Lysozyme Dako, Santa Clara, CA A0099 1:600-1:1000
MMP7 Vanderbilt Antibody and Protein Resource, Nashville, TN 1:200
Muc2 Santa Cruz Biotech, Dallas, TX Sc-15334 1:200
Olfm4 Cell Signaling 391418 1:200
Sox9 Millipore, Temecula, CA AB5535 1:200
UEA1 lectin Sigma, St. Louis, MO L9006 1:100
Villin Abcam Ab130751 1:1000
Anti-chicken IgY Alexa-488 Jackson ImmunoResearch, West Grove, PA 703-545-155 1:200
Anti-chicken IgY Cy3 Jackson ImmunoResearch 703-165-155 1:200
Anti-rabbit IgG Alexa-488 Jackson ImmunoResearch 711-545-152 1:200
Anti-rabbit IgG Cy3 Jackson ImmunoResearch 711-165-152 1:200-1:800
Anti-rabbit IgG FITC Jackson ImmunoResearch 711-095-152 1:200-1:600
Anti-rat IgG Alexa-488 Jackson ImmunoResearch 712-545-153 1:100
Anti-rat IgG Cy3 Jackson ImmunoResearch 712-165-153 1:100-1:200
Anti-rat IgG FITC Jackson ImmunoResearch 712-095-153 1:100
Anti-mouse CD326 (EpCAM) FITC eBioscience 11-5791-82 1:66
Rat IgG2a K isotype control FITC eBioscience 11-4321-82 1:66

FITC, fluorescein isothiocyanate; MMP7, matrix metalloproteinase 7.

X-100 (Fisher Scientific, Fair Lawn, NJ]) in PBS before
detection with the Click-iT reaction and Alexa Fluor 488 or
Alexa Fluor 594 according to the manufacturer’s protocol.
ProLong Gold Antifade with 4/,6-diamidino-2-phenylindole
(DAPI) was used for mounting slides and detection of
nuclei (P36931; Invitrogen). Microscopy was performed
using an Olympus IX71 inverted fluorescent microscope
equipped with a DP72 digital camera and cellSens software.

Quantification of % Tomato+ that are lysozyme+ cells
and the percentage of lysozyme+ that are Tomato+ cells
was determined by counting Tomato+ and lysozyme+
cells within 25 well-oriented crypts in each region (duo-
denum, jejunum, and ileum) of the small intestine for each
mouse (N = 3 mice). The mean values from each region of
each mouse were used to calculate the means and SD for
each region.

Cell positional distribution of EAU™ cells in crypts was
determined as described previously.'® Briefly, frozen sec-
tions (4-8 um) of small intestine were cut, and EdU-labeled
cells were detected as described earlier. Well-orientated
half-crypts (14-21 crypts per intestine, N = 3 mice/geno-
type) were scored for the presence of EQU™ nuclei at all the
cell positions along the crypt axis, with position 1 being the

middle of the crypt base. The frequency of each event at
each position was plotted.

Villus Height and Crypt Depth Measurements

For each genotype (N = 3-5 mice), villus height and
crypt depth were measured from well-orientated ileal
crypts (35-69 crypts per mouse) using Olympus cellSens
software. The mean value from each mouse was used to
calculate means and SD for each genotype.

Lineage Tracing of Crypt-Villus Units

For analysis of lineage tracing, a crypt-villus unit was
defined on histologic cross-section when the crypt lumen
was contiguous with the crypt base and both sides of the
crypt exited onto the villus as previously described.'® For
each genotype, Defa4“*;Rosa26""°™* and Defa4“";
ADAM10"/f1%%: Rosa26™7° ™% 4 total of control untreated
(N = 8) and DXR-treated (N = 18) mice were analyzed for
lineage tracing. For DXR-treated mice, quantification of
Tomato+ lineage tracing events within tissue sections from
a 5-cm region of proximal jejunum was performed 7-10
days after treatment. The mean values from each mouse
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were used to calculate the means and SD for each treatment
group.

In Vitro Culture of Intestinal Crypts

Intestinal crypts were isolated from the jejunum (5-cm
region located 2 cm from the gastroduodenal junction)
and ileum (5-cm region, distal ileum) as previously
described.®” Crypts were plated in ice-cold Reduced Growth
Factor Basement Membrane Extract (BME) (Cultrex, R&D
Systems, Minneapolis, MN) (15 uL) into wells of 48-well
plates and grown in 300 uL basal ENR media. The basal
ENR culture medium (advanced Dulbecco’s modified Eagle
medium/F12 [no. 12634020] supplemented with 1x peni-
cillin/streptomycin [no. 15070063], 10 mmol/L HEPES [no.
15630080], 1x Glutamax [no. 35050061], 1x B27 [no.
17504044]; all from Life Technologies, Carlsbad, CA), and 1
mmol/L N-acetylcysteine (A7250; Sigma-Aldrich, St. Louis,
MO) was supplemented with 50 ng/mL murine recombinant
epidermal growth factor (315-09; PeproTech, Rocky Hill,
NJ), 25 ng/mL murine recombinant Noggin (250-38;
PeproTech), and R-spondin 2 (conditioned medium, 5%-
10% final volume). When needed, single cells or enteroids
were grown in WENR media, in which the earlier-described
basal media had recombinant Noggin and R-spondin
2-conditioned media replaced with 50% Wnt3a, Noggin, R-
Spondin 3 (WNR)-conditioned media. R-spondin 2 and
WNR-conditioned media was produced using HEK293T cells
stably transfected with mouse Rspondin2-chimeric fusion
tag (Fc)®® and L cells stably transfected with mouse Wnt-34,
R-spondin 3, and Noggin (provided by Dr Stappenbeck,
Washington University, St. Louis, MO].67 Media was replaced
every 2-3 days.

Epithelial Cell Isolation, Flow Cytometry, and
FACS Sorting

Single-cell suspensions for flow cytometric analysis and
sorting were generated from isolated jejunal crypts (a 2- to
12-cm segment from the gastroduodenal junction) of
Defa4“*;Rosa26Tomate and Defa4“";ADAM10/fex;
Rosa26"7°™% mice as previously described.®® Briefly, iso-
lated crypts were incubated with dispase (0.3 U/mlL,
17105041; LifeTech) and DNasel (0.1 mg/mL, 17105041;
LifeTech), cell suspensions were filtered through a 40-um
cell strainer and then stained with rat anti-EpCAM-
fluorescein isothiocyanate IgG2a antibody (epithelial cell
marker, 11-5791-82; eBioscience, San Diego, CA) and DAPI
(1 ug/mL, live/dead cell marker). Rat IgG2a-fluorescein
isothiocyanate (11-4321-82; eBioscience) was used as a
control. The MoFlo XDP100 cytometer (Beckman Coulter,
Indianapolis, IN) with a 100-um nozzle was used for single-
cell FACS sorting EpCAM+ tdTomato" and EpCAM-+
tdTomato™ cell populations. For the clonogenic enteroid
assay, FACS-sorted Tomato- and Tomato+ cells were plated
in ice-cold Basement Membrane Extract (BME) and grown
in either 300 uL of ENR or WENR media containing 10
umol/L Y27632. Media without Y27632 was replaced every
2-3 days. Enteroid growth was monitored daily by phase-
contrast microscopy combined with Tomato+ fluorescent
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imaging using an Olympus IX71 inverted fluorescent mi-
croscope, DP72 digital camera, and cellSens imaging soft-
ware. In general, budding from clonigenic enteroids
occurred after day 7 in culture, however, Figure 3D shows
budding that occurred much later, between day 13 and day
16. The percentage of clonogenic enteroid growth = total
number of enteroids generated/total number of single cells
plated x100.

For flow cytometric analysis of EdU-labeled enteroids,
enteroids grown in Basement Membrane Extract (BME)
were labeled in vitro with 10 umol/L 5-ethyl deoxyuridine
solution in ENR media for 1 hour at 37°C. Enteroids were
collected in ice-cold 5 mmol/L EDTA-PBS (Invitrogen,
ThermoFisher Scientific, Grand Island, NY), washed in PBS,
and then incubated in TrypLE (Gibco, ThermoFisher Scien-
tific, Grand Island, NY) containing 0.1 mg/mL DNasel
(Calbiochem, EMD Biosciences, San Diego, CA) to generate a
single-cell suspension. Cells then were fixed in 4% PFA, and
then permeabilized with 0.1% Triton X-100 in PBS before
detection with the Click-iT reaction and Alexa Fluor 488
using the manufacturer’s protocol. Cell suspension was
filtered through a 40-um cell strainer before staining with
DAPI (1 ug/mL), and then analyzed using a Yeti flow
cytometer (Propel Labs, Fort Collins, CO).

Inducible Notch Activation in Mice

To induce Notch activation, adult Defa4“"™;
Rosa26™ ™ resEGEP1etQNICP mice were given doxycycline
(2 mg/mL, D9891; Sigma) supplemented with 5% sucrose
in water for 2 weeks. Tissue was collected as previously
described.

DXR Studies

For in vivo DXR experiments, Defa4“"*;Rosa26""°™** and
Defa4“";ADAM10"/7°%; Rosa26'/7°™%° mice were injected
intraperitoneally with DXR (15 mg/kg body weight, 1 mg/
mL in PBS, D1515; Sigma) and tissue was collected at
various time points after injection (6 h, 24 h, 4 days, 7 days,
and 10 days) and compared with vehicle-injected controls
(N = 3-18). The number of Tomato+ crypt-villus units was
counted from frozen sections of small intestine and
expressed as the total number of Tomato™ crypt-villus units
per 5-cm intestinal section (N = 8-18 per genotype).

For in vitro DXR experiments, jejunal enteroids from
Defa4“"*;Rosa26"°™  and  Defa4“";ADAM10"/1x;
Rosa26'T°™% mice were passaged in Matrigel and grown in
ENR containing 10 umol/L Rho-associated, coiled-coil con-
taining protein kinase (ROCK) inhibitor Y27682 (Reprocell,
Beltsville, MD) for 24 hours. The total number of enteroids
and spontaneous Tomato+ lineage-traced enteroids (these
included complete Tomato+ enteroids and enteroids with
Tomato+ lineage-traced buds) were counted. Enteroid cul-
tures then were treated with 7.5 ug/mL DXR in 300 uL. ENR
media for 3 hours, wells were washed twice, and fresh ENR
media added. Enteroid cultures then were re-fed every 2-3
days and, if necessary, were replated for imaging. The total
number of surviving enteroids and the number of Tomato+
lineage-traced enteroids was counted.
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ADAM10 Recombination and Gene
Expression Analysis

In the ADAM10 floxed allele, exon 9, which encodes the
catalytic domain, is flanked by loxP sites inserted in introns
8 and 9. Intron 8 forward primer (5-CAGTGTAAATGT
GAACTCACCC-3’) and intron 9 reverse primer (5-CGTATCT
CAAAACTACCCTCCC-3") will amplify a 955-bp sequence of
nonrecombined ADAM10 floxed allele or a 217-bp sequence
of the recombined allele from genomic DNA.®’

ADAM10 gene expression was determined by reverse-
transcription (RT)-PCR with N = 3 mice per group. RNA
was isolated from intestinal tissue or enteroids using TRIzol
(15596026; Invitrogen) or Buffer RLT (Qiagen, Hilden,
Germany), respectively, followed by purification with the
RNeasy kit (74104; Qiagen). RT reactions used 0.4 ug RNA
and the High Capacity complementary DNA Reverse Tran-
scriptase Kit (438814; Applied Biosystems, ThermoFisher
Scientific, Foster City, CA), following the manufacturer’s in-
structions. RT-PCR was performed with ADAM10 exon 8
forward primer (5-CAGACCGGGATTTTGATGAT-3") and
exon 9 reverse primer (5-TCCAACTTCATGAGCAAACG-3’) to
generate a 217-bp product. Gene expression levels were
normalized to the expression of glyceraldehyde-3-
phosphate dehydrogenase, which remained the same in
the various groups.

Statistics

Quantitative data are presented as the mean of inde-
pendent animals or samples + SD and analyzed by the
2-tailed Student t test. For cell positional analysis, differ-
ences between groups were determined by 2-way analysis
of variance with the Bonferroni multiple comparisons
test. P < .05 was considered significant. Statistical analysis
was performed using Prism 6 software (GraphPad, La
Jolla, CA).
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