bioRxiv preprint doi: https://doi.org/10.1101/364133; this version posted July 16, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Gfil-expressing Paneth cells revert to stem cells following intestinal injury

Min-Shan Chenl, Yuan-Hung Lol, Joann Butkus3, Winnie, Zoul, Yu-Jung Tsengz, Hsin-I Jens,
Shreena Patel’, Andrew Groves™®°, Mary Estes'?, Ergun Sahin®’, Mark Frey'!, Peter Dempsey"?,
Noah Shroyer™*?

1. Integrative Molecular and Biomedical Sciences Graduate Program, Baylor College of
Medicine, Houston, Texas, USA

2. Translational Biology and Molecular Medicine Graduate Program, Baylor College of
Medicine, Houston, Texas, USA

3. Section of Gastroenterology & Hepatology, Department of Medicine, Baylor College of
Medicine, Houston, Texas, USA

4. Section of Gastroenterology, Hepatology & Nutrition, Department of Pediatrics, Baylor
College of Medicine, Houston, Texas, USA

5. Developmental Biology Graduate Program, Baylor College of Medicine, Houston, Texas, USA

6. Huffington Center on Aging, Baylor College of Medicine, Houston, Texas, USA

7. Department of Molecular Physiology and Biophysics, Baylor College of Medicine, Houston,
Texas, USA

8. Department of Neuroscience, Baylor College of Medicine, Houston, Texas, USA

9. Department of Molecular and Human Genetics, Baylor College of Medicine, Houston, Texas,
USA

10. Department of Molecular Virology and Microbiology, Baylor College of Medicine, Houston,
Texas

11. Saban Research Institute, Children's Hospital Los Angeles, and Departments of Pediatrics
and Biochemistry and Molecular Biology, Keck School of Medicine, University of Southern
California, Los Angeles, California

12. Division of Gastroenterology, Hepatology and Nutrition, Department of Pediatrics,
University of Colorado Medical School, Aurora, Colorado, USA

The authors declare no potential conflicts of interest.

*Corresponding author:

Dr. Noah F. Shroyer

Department of Medicine, Section of Gastroenterology and Hepatology
One Baylor Plaza, N1317-08

Baylor College of Medicine

Houston, TX 77030

Phone: 713-798-8693

Noah.shroyer@bcm.edu


https://doi.org/10.1101/364133
https://doi.org/10.1101/364133
https://doi.org/10.1101/364133
https://doi.org/10.1101/364133
https://doi.org/10.1101/364133
https://doi.org/10.1101/364133
https://doi.org/10.1101/364133
https://doi.org/10.1101/364133
https://doi.org/10.1101/364133

bioRxiv preprint doi: https://doi.org/10.1101/364133; this version posted July 16, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Abstract

Background & Aim. Chemotherapy drugs harm rapidly dividing normal healthy cells such as

those lining the gastrointestinal tract, causing morbidity and mortality that complicates medical
treatment modalities. Growth Factor-Independent 1 (GFI1) is a zinc finger transcriptional
repressor implicated in the differentiation of secretory precursors into Paneth and goblet cells
in the intestinal epithelium. We hypothesize that stimulating the reversion of Gfil® secretory
cells into stem cells will improve intestinal epithelial regeneration and mitigate injury.

Methods. Gfil reporter mice (Gfi1"** ROSA26"""") were treated with Doxorubicin, radiation,
anti-CD3 antibody, and rotavirus to induce intestinal injury. Mice and intestinal organoids
(enteroids) were used to investigate cellular repair mechanisms following injury.

Results. Under homeostatic conditions, Gfil-lineage cells are Paneth and goblet cells, which
were non-proliferative and not part of the stem cell pool. After injury, Gfil" secretory cells can
re-enter the cell cycle and give rise to all cell lineages of the intestinal epithelium including stem
cells. Reversion of Gfil-lineage cells was observed in other injury model systems, including
irradiation and anti-CD3 treatment, but not in ISC-sparing rotavirus infection. Our results also
demonstrated that PI3kinase/AKT activation improved cell survival, and elevated WNT signaling
increased the efficiency of Gfi1* cell reversion upon injury.

Conclusions. These findings indicate that Gfil' secretory cells display plasticity and reacquire
stemness following severe damage. Moreover, PI3kinase/AKT and WNT are key regulators
involved in injury-induced regeneration. Our studies identified potential therapeutic
intervention strategies to mitigate the adverse effects of chemotherapy-induced damage to
normal tissues and improve the overall effectiveness of cancer chemotherapy.

Keywords: intestinal stem cells, regeneration, chemotherapy, organoid, crypt base columnar

cells, R-spondin
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Introduction

Cytotoxic chemotherapy is a commonly used therapeutic approach to treat a wide range of
cancers. Chemotherapy targets rapidly proliferating cells, both cancerous and normal cells as
they undergo cell division, including intestinal stem cells in the gastrointestinal (Gl) tract.
Chemotherapy-induced Gl injury is characterized by a rapid loss of stem cells, damage to the

! Doxorubicin is a

gastrointestinal epithelium, and activation of the inflammatory cascade
topoisomerase Il inhibitor which causes DNA damage during the cell cycle resulting in cell death;
it is used to treat a range of malignancies, including: metastatic breast cancer, ovarian cancer,

multiple myeloma, and AIDS-related Kaposi sarcoma *°.

However, Doxorubicin-induced
toxicities commonly occur at sites within the Gl tract and account for dose-limiting effects *.
Understanding the underlying mechanisms involved in regeneration of the intestinal epithelium
will help to develop effective mitigators to reduce chemotherapy-associated drug toxicity and
enhance tissue regeneration. Such insights may also provide novel avenues of therapeutic
intervention in the setting of other GI injuries, including those caused by radiation,

inflammation, or infection.

The intestinal epithelium is one of the most rapidly renewing tissues in adult mammals,
where the epithelial cells are continuously renewed every 3-5 days . The epithelial integrity
and rapid turnover are supported by intestinal stem cells (ISCs) located at the base of intestinal
crypts. ISCs contribute to all intestinal lineages, including absorptive lineage cells: enterocytes
and colonocytes; and secretory lineage cells: mucus-secreting goblet cells, hormone-secreting
enteroendocrine cells, and antimicrobial peptide-secreting Paneth cells. Historically, two types
of multipotent ISCs were identified. The first, known as crypt base columnar (CBC) cells, divide
rapidly and are sensitive to radiation and chemotherapy injury. The second, termed +4 cells,
marked by Bmil, mTert, HopX, Sox9 and Lrigl, serve as quiescent ISCs (qISCs), and are slowly
cycling under homeostatic conditions but can be induced to reconstitute the epithelium after

5-12

injury . Recent landmark studies suggest that long-lived secretory progenitors, differentiated

enterocytes or enteroendocrine cells, reacquire stemness and replace the loss of Lgr5' stem
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13-16

cells These studies indicate that non-stem cells in the intestinal epithelium have

developmental plasticity when subjected to tissue injury.

Gfil is a zinc-finger transcriptional repressorthat was originally discovered in the

hematopoietic system where it functions in the differentiation of hematopoietic lineages and

17-19

adult hematopoietic stem cell (HSC) quiescence . Gfil is essential for several other cell

types throughout the body, including Pancreatic acinar and centroacinar cells, inner ear hair

20-22

cells, and pulmonary neuroendocrine cells . In the intestine, Gfil plays an important role in

directing differentiation of secretory precursors into goblet and Paneth cells. Gfil knockout

mice lack mature Paneth cells, have fewer goblet cells, and increased number of

23,24

enteroendocrine cells . It is still unclear whether committed secretory cells can serve as

injury-induced 1SCs following severe injury. Our data suggest that Gfil® secretory cells
represent a unique cellular population that is distinct from active 1SCs, DII1* secretory
precursors, enterocyte precursors and +4 qISCs, thereby making them an excellent target for

future therapeutic mitigators.

The Whnt signaling pathway is crucial for maintaining ISC hemostasis. R-spondins are Wnt

agonist that are ligands of Lgr5, and stimulate canonical Wnt signaling to maintain ISCs,

25-28

enhance crypt growth, and stimulate epithelial regeneration . R-spondins have also been

29,30

implicated as clinically valuable chemoradioprotectors Phosphoinositide 3-kinase

(PI13K)/AKT signaling is known to be essential for cell survival, proliferation, apoptosis,

31

differentiation, and migration The PI3K/AKT pathway and its downstream targets

(“mammalian target of rapamycin,” mTOR, and glycogen synthase kinase-3), play critical roles

in the control and coordination of regeneration in many tissues >*~".

In homeostasis, adult
intestinal crypt cell survival and proliferation are not mTOR dependent. However, following
injuy by irradiation, crypt regeneration and ISC/progenitor maintenance require mTOR **. We
found that activation of PI3K/ AKT pathway combined with high R-spondin treatment shortly

after chemotherapy-induced injury significantly enhanced cell survival and stem cell reversion,
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indicating the PI3K/Akt pathway and the Wnt pathway are important for the maintenance of

ISCs and intestinal epithelium regeneration.

Our study demonstrates that mature Gfil® secretory cells reacquire plasticity upon tissue
damage, and reveal potential mechanisms for intestinal regeneration and stem cell reversion

following severe injury.

Methods

Animals

Lgr5-EGFP-IRES-creERT2 (Lgr5-GFP; stock No. 008875) and ROSA26- -loxP-stop-loxP- rtTA-IRES-
EGFP (R26™"°": Stock No. 005670) mice were purchased from the Jackson Laboratory.
The GfilCre knock-in mice * were generated by Dr. Lin Gan at the University of Rochester and
were generously provided to us for this study. ROSA26-loxP-flanked STOP-EYFP (R26"-"F)
mice (The Jackson Laboratory, Stock No. 007903) were a gift from Dr. Andrew Groves at Baylor
College of Medicine. ROSA26-loxP-flanked STOP-TdTomato (R26--"°""%) mice (The Jackson
Laboratory, Stock No. 007905) were a gift from Dr. Hui Zheng at Baylor College of Medicine. For
doxorubicin treatment, 20 mg/kg doxorubicin (Sigma, D1515) was injected (i.p.) per mouse. For
adenovirus-mediated modulation of Wnt signaling, 5 x 10® PFU of Ad-Fc or Ad-Rspodinl (Ad-
Rspol) % was injected (i.v.) per mouse. For PTEN inhibitor treatment (SF1670), 5 mg/kg of PTEN
inhibitor was injected (i.p.) per mouse. For irradiation injury studies, mice were given 10 Gy
whole-body irradiation. For anti-CD3 Ab treatment, 50 pg of anti-CD3 antibody®® was injected
(i.p.) per mouse. For rotavirus (RV) infection, RV was administered by oral gavage *’. The mouse
experiments were approved by the Institutional Animal Care and Use Committee at Baylor

College of Medicine.

Immunofluorescent and immunohistochemical staining

Intestinal tissues were fixed with 4% paraformaldehyde, embedded in paraffin, sectioned (5
pm), and mounted on Superfrost Plus slides (ThermoFisher). Samples were blocked with 2%

bovine serum albumin (BSA; VWR) and 5% either donkey or goat serum (Jackson
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immunoresearch), and then incubated with primary antibodies at 4°C for overnight. After
washing three times with PBST (Phosphate buffered saline with 0.05% Tween-20), the samples
were incubated with appropriate fluorescent dye- or HRP- conjugated secondary antibodies at
RT for 1 hour. Slides were washed with PBST and mounted with mounting solution (Vector
Laboratories, H-1000) for observation with a confocal microscope (Nikon A1-Rs). Primary and

secondary antibodies and conditions are listed in Table 2.

In vitro culture of intestinal crypts

Intestinal crypts were isolated from mouse duodenum as previously described **, and cultured
in vitro. These crypts were mixed with ice-cold Matrigel (Corning) and plated onto wells of a 24-
well cell culture plate that was placed in the 37°C incubator for 30 minutes. 0.5 ml basel minigut
media (Advanced DMEM/F12 (Invitrogen), 1% L-Glutamine (Invitrogen), 1% Pen/Strep, 10 mM
Hepes, 1% N2 supplement, 2% B27) supplemented with 0.5 pg/ml rRspondin (R&D), 0.1 pg/ml
rNoggin (R&D) and 25 ng/ml EGF (R&D) was added into wells. Recombinant growth factors
could be substituted by R-spondin and Noggin conditioned media for cell maintenance.
Recombinant growth factors could be substituted by Wnt3a, R-spondin and Noggin conditioned
media. The completed media (basal minigut media with 10% Rspondin conditioned media, 10%
Noggin conditioned media and 25ng/ml EGF) on which the cells were maintained was replaced
every 2-4 days. Other groups developed R—spondinZ—expressing39 and No,«g,«gin—expressing40 cells

for conditioned media.

In vitro injury culture in mouse enteroids

Mouse enteroids were broken down using a 30G insulin syringe and were plated with 50 pl
matrigel/per well in 24-well plates. Basal minigut media with 50% Wnt-3a conditioned media,
10% Rspondin conditioned media, 10% Noggin conditioned media and 25 ng/ml EGF were
added to the cells for overnight. Next day, the media was aspirated and 0.5 pg/mL Doxorubicin
dissolved in completed media was added to the cultured enteroids. The cells were incubated at
37°C for 4 hours, after which the enteroids were washed 3 times with room temperature PBS.

The cells were treated with complete minigut media or supplemented with either extra
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Rspondin (total 60% conditioned media), 10 um PTEN inhibitor (SF1670, Cellagen Technology),
or 10 um AKT inhibitor MK2206. After 48 hours, the media was aspirated and complete minigut
was added. Five days post-Doxorubicin treatment, the enteroids were analyzed under optical
microscope. For Wnt3a conditioned media, a Wnt3a-expressing L-cell line is commercially

available (ATCC, CRL-2647).

Flow cytometry and cell sorting

Intestinal crypts were isolated as described above and dissociated with Dispase (Invitrogen)
1.2mg/ml at 37°C for 30 minutes. 2000 U/ml DNase (Roche) was added and the dissociated cells
were passed through a 40 um strainer. For quantification of Lgr5-GFP stem cells, the cells were
washed with ice-cold PBS and stained with EpCAM-APC to identify epithelial cells, while
Propidium iodide was utilized to determine dead/live cells. For quantification of proliferating
Gfil-YFP" cells, the cells were stained with Ki67 antibody, followed by the appropriate Alexa
Fluor 594 (Jackson Immuno) secondary antibody, or incubated with Click-iT reaction (Invitrogen)
for EdU detection. Gfil-YFP" cells obtained from the intestinal crypts and stored in Trizol

(Invitrogen) for RNA analysis. Primary and secondary antibodies are listed in Table 2.

Real-Time PCR

Cells were sorted from intestinal crypts and RNA was extracted using a Qiagen RNeasy mini kit.
A total of 1 pg RNA was used to synthesize complementary DNA using Superscript Il First
Strand Synthesis System (Invitrogen) following the manufacturer’s instructions. Quantitative
PCR was performed with Brilliant Il Ultra Fast SYBR Green Master Mix (Agilent Technologies)

using the primers listed in Table 1.
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Results
Gfil marks mature Paneth and goblet cells in the homeostasis
Gfil is a transcription factor that regulates secretory cell lineages. To investigate Gfil®

secretory cells, we generated Gfi1® knock-in mice crossed to the Cre reporter strains R26""

PP R26™M" or R26HMO™ (Figyre 1A). Immunofluorescent staining showed Gfil lineage
cells are co-localized with the Paneth cell marker, lysozyme (Lyz) and the goblet cell marker,
mucin 2 (Muc2) in the small intestine (Figure 1B). Quantification revealed that over 93% Lyz"
Paneth cells are Gfi1-YFP cells, and over 99% Muc2" goblet cells are Gfil-YFP cells (Figure 1C)
in the small intestine. It is important to note that Gfil is also expressed in immune cells,
which we confirmed demonstrating that Gfil-YFP cells in the lamina propria are CD45"
immune cells (Supplemental Figure 1). We further demonstrated that FACS-isolated Gfil-
YFP' cells were enriched in the markers Lyz and Muc2. On the other hand, YFP negative cells

did not express these Paneth and goblet cell markers (Figure 1D). We concluded that Gfil

lineage cells are differentiated Paneth and goblet cells in the small intestine.

Gfil lineage cells re-enter cell cycle upon crypt damage

To examine the effects of chemotherapy-induced injury on Lgr5" and Gfil' lineage cells, we
treated Lgr5-eGFP-IRES-CreERT2 and Gfi1®* R26""""" mice with Doxorubicin (20 mg/kg, i.p.)
to induce intestinal injury. By 48 hours post-injury, histological staining showed mucosal
injury with crypt loss and shortened villi (Figure 2A). However, the total number of crypts was
restored to baseline 7 days after injury, indicating that doxorubicin induced an acute and
reversible intestinal injury (Figure 2B). We found a significantly decreased number of Lgr5
stem cells after doxorubicin treatment, reaching a nadir at 48 hours-post treatment (Figure
2C and 2D). Interestingly, Gfil lineage cells persisted and expanded in the crypts following
doxorubicin injury. In uninjured mice, Gfil-lineage cells were post-mitotic, as indicated by
immunofluorescent staining and flow cytometry quantifying the fraction of Gfil-lineage
epithelial cells that were marked by the proliferative marker, Ki67 (Figure 2 E-F). However, by

24-48 hours following injury, Gfil-lineage cells re-entered the cell cycle. We confirmed this by
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co-staining Gfil-lineage cells with Ki67 and the S-phase marker EdU 48 hours after

doxorubicin treatment; EdU+/Ki67+/Gfil-YFP+ cells were rare in uninjured mice (Figure 2 F).

Gfil* secretory cells display plasticity following tissue injury

By 7 days after injury, Gfil-lineage cells formed contiguous crypt-villus axis "ribbons" of cells
(Figure 3A), suggesting these cells were functioning as multipotent stem cells. We had
previously never observed such Gfil-lineage ribbon tracing events in control mice without
injury. Marker analysis using immunofluorescent staining demonstrated that Gfil-lineage
ribbon tracing included Paneth cells, goblet cells, enteroendocrine cells and enterocytes after
injury (Figure 3B). To further demonstrate the conversion of Gfil-lineage cells to CBC stem
cells, we generated Lgr5-eGFP-IRES-CreERT2; Gfi1®/*; R265:°™ mice to label both Lgr5*
stem cells (GFP+) and Gfil-lineage cells (Tomato+). In uninjured control mice, we never
observed co-expression of GFP with Tomato (Figure 3C); however, 48 hours after doxorubicin
injury we could observe GFP* CBC cells derived from the Tomato+ Gfil lineage (Figure 3C).
Moreover, Gfil-lineage cells were more resistant to doxorubicin-induced injury, as evidenced
by negative staining for DNA damage marker yH2AX and the apoptotic marker caspase-3

(Figure 3D).

Reversion of Gfil secretory cells in different injury models is dependent on stem cell
depletion

We next sought to determine whether Gfil-lineage cells could contribute to the stem cell
pool following other types of experimentally-induced intestinal injuries. We compared 3
different injury models: whole-body irradiation, immune-induced injury by systemic
activation of the T-cell receptor with anti-CD3, and rotavirus (RV) infection (Figure 4).
Irradiation and anti-CD3 treatment have previously been shown to cause stem cell damage
%41 On the other hand, RV infects cells via the villus tips, and does not infect or damage
active and reserve stem cells *’. We observed Gfil-lineage ribbon tracing events following

either 10 Gy total body irradiation or anti-CD3 treatment, but not in the RV infected mice,

indicating that stem cell depletion acts as a driving force of Gfil® cell reversion. The extent of
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reversion was generally correlated with the severity of injury, as assessed by dysmorphic

crefere. R26"1SFP) with doxorubicin. Interestingly,

crypts. We also treated Gfil-null mice (Gfil
we found that Gfil* lineage tracing was still present in Gfil-null mice (Figure 4B), suggesting
that Gfil protein may not play a critical role in stem cell reversion. Taken together, these data
suggest that Gfil® lineage cells revert to Lgr5' stem cells upon stem cell damage and

repopulate to all intestinal lineages.

Establishment of in vitro injury model in mouse enteroids

We found that the expression of phospho-S6 (pS6) Ribosomal Protein, a downstream target of
the AKT signaling pathway, was persistently upregulated in the small intestine for 7 days after
doxorubicin-induced injury (Figure 5A). To better understand the mechanism underlying stem
cell reversion, we established an in vitro doxorubicin-induced injury model using enteroids.

cre/* RgtStdTomate mice showed that Gfil-lineage cells were non-

Enteroids derived from Gfil
cycling (Ki67 negative) Lyz' Paneth cells and Muc2' goblet cells (Figure 5B). Consistent with the
observation in vivo, immunoblots suggested that the expression of phospho-AKT (pAKT) and
pS6 was upregulated following doxorubicin treatment (Figure 5C). The activation of the AKT
signaling pathway could be further manipulated by either PTEN or AKT inhibitors (Figure 5C).
These results indicated that intestinal enteroids exhibited similar response to doxorubicin in

vivo, and could be used as an in vitro injury model.

Activation of PI3K/AKT and Wnt signaling pathways enhances cell survival and stem cell
reversion following injury

In our in vitro injury model, we examined the effects of various inhibitors and growth factors on
cell growth and Gfil® stem cell reversion following injury (Figure 6A). After a small screen, we
demonstrated that the PTEN inhibitor (PTENinh), when combined with high R-spondin (H-Rspo)
treatment for 48 hours immediately after the induced injury, significantly improved survival of
enteroids in vitro (Figure 6B and C). Immunoblots confirmed the activation of pAKT after
PTENinh treatment (Figure 5C, Supplementary Figure 2B) and upregulation of Myc, a Wnt

downstream target after high R-spondin treatment (Supplementary Figure 2A). Moreover, we
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were able to identify reversion of Gfil® cells after injury. Initially, a cluster of Gfil lineage cells
was observed in a subset of enteroids after doxorubicin treatment (Supplementary Figure 3).
After passaging, we were able to find several enteroids that expressed the Gfil-lineage marker
homogeneously throughout the enteroid (Supplementary Figure 3), indicating that Gfil® cells
had reverted to stem cells after injury and produced all of the cells within the passaged
enteroid. Most importantly, we found that PTENinh and H-Rspo treatment significantly
increased number of Gfil-lineage derived, revertant enteroids following injury (Figure 6D&E),
indicating that PI3K/AKT and Wnt stimulation enhanced Gfil-lineage cell reversion. We further
showed that the AKT inhibitor blocked PI3K/AKT and Wnt-induced enteroid growth and Gfil-
lineage cell reversion, indicating that AKT signaling plays a critical role in the regeneration and

cellular reversion process (Figure 6C&E).

Whnt and PI3K/AKT signaling improve tissue regeneration in vivo

Previous studies indicated Wnt stimulation by Ad-Rspol induced crypt hyperplasia and when
combined with Slit2, there was reduced stem cell loss after injury *°. Furthermore, this
treatment paradigm provided significant chemoradioprotection. To determine whether
increased PI3K/AKT and Wnt enhanced tissue regeneration in vivo, we treated Gfi1“* R26™-
"? mice with Ad-Rspol or Ad-Fc encoding a control immunoglobulin 1gG2a Fc fragment 2 days
before doxorubicin administration. An additional cohort of mice were treated with PTENinh
after injury, or a combination of Ad-Rspol pre-treatment and PTENinh treatment 1 hour after
doxorubicin administration. Intestinal tissues were collected 7 days after doxorubicin treatment.
Histological staining showed a significantincrease in the crypt depth in the Ad-Rspol-
treated mice compared with the mice receiving the control Ad-Fc treatment (Figure 7A). Crypt
number and depth were significantly increased in the Ad-Rspol- and PTENinh-treated mice
(Figure 7C and 7D). Although we did not observe an increase in the number of Gfil-lineage
ribbon tracing events in the double-treated mice (Figure 7E), we found that the number of
crypts marked in revertant clones, and presumably derived from single reversion events, was

significantly increased in Rspol/PTENinh-treated mice (Figure 7B, F). Taken together, our data
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suggests that administering Ad-Rspol followed by treatment with PTENinh enhanced tissue

regeneration in vivo.

Discussion

Understanding the differences between active and injury-inducible ISCs’ response to damage
has the potential to illuminate pathways to new therapeutic approaches for the selective
protection of normal cells and to mitigate chemotherapy- or radiation-induced intestinal injury.
Active Lgr5' CBC stem cells are continually in the cell cycle thus rendering them sensitive to
radiation or chemotherapy. Previously, lineage tracing experiments revealed that reserve ISCs
labeled by Bmil, mTert, Hopx, Lrigl and Sox9, display plasticity when active ISCs were depleted

6,7,9-12

by injury . Recent studies suggested that secretory and absorptive progenitors

13-15

reacquired stemness and act as potential stem cells under injury settings . Experimental

efforts using single cell RNA-seq revealed that Bmil lineage cells are mature entroendocrine (EE)

cells and express an entroendocrine cell signature ***

. Unlike other reporter mouse models
which marked mostly early progenitors or cycling ISCs, our Gfil reporter mouse showed that in
uninjured mice, Gfil* lineage cells are mature and non-cycling Paneth and goblet cells (Figure 1).
After injury, Gfil® secretory cells are more resistant to chemo-induced DNA damage and
apoptosis, whereas other crypt cells including Lgr5" ISCs undergo extensive DNA damage and
cell death (Figures 2 & 3). This injury triggers the dedifferentiation of Gfil" secretory cells,
which is accompanied by cell cycle re-entry and reversion to replace the depleted ISC pool
(Figures 2 & 3). Intestinal regeneration following injury has been studied using several
experimental models. Severe injury caused by cytotoxic drugs, such as doxorubicin, or
irradiation results in the transient depletion of ISCs. Similarly, acute inflammatory injury using
anti-CD3 antibody to activate T cells results in apoptosis of active ISCs, which recover a few
days later®®. RV infection is another model to study the injury-repair responses. Previous
studies demonstrated that RV only infected enterocytes on the villi, while ISCs within the crypt
remained intact without suffering any damage®’. Comparing the four different injury models, it

appears that the depletion of active ISCs is required for Gfil" secretory cells to revert to Lgr5"

ISCs and repopulate all intestinal cell lineages (Figure 4).
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It is of great clinical significance to study mechanisms involved in the maintenance of tissue
homeostasis and regeneration. Wnt signaling is known to be important for the regulation of
stem cell renewal, proliferation, and differentiation of intestinal epithelial cells B, During tissue
regeneration, Wnt signaling is necessary for promoting healing responses and driving the cell’s
regenerative capacity44. R-spondin proteins act as synergistic activators of the Wnt signaling
pathway that drive ISCs self-renewal and tissue regeneration. Previous work showed that
elevating Wnt activity using Ad-Rspondin 1 prior to irradiation or chemotherapy, protects

29,30

normal intestinal cells from injury PI3K-AKT-mTORCL1 is another important regulatory
signaling pathway for intestinal epithelial tissue homeostasis 3%, Our results indicated that injury
resulting from doxorubicin treatment induced pAKT expression in an in vitro enteroid culture
system, and pS6 expression levels in both enteroids and after doxorubicin treatment in mice
(Figure 5). These data collectively suggest that PI3K-AKT-mTORC1 signaling plays an important
role in the regenerative process. Our enteroid data showed PTENinh or R-spondin 1 treatment
alone improved enteroid regrowth following injury (Figure 6). Interestingly, we observed that
extra R-spondin 1 increased the capacity for reversion of Gfil® cells to stem cells. In contrast,
we did not see an increase in stem cell reversion when PI3K/AKT was induced by PTENinh.
However, PTENinh combined with R-spondin 1 treatment significantly enhanced both enteroid
survival and stem cell reversion, suggesting that there is crosstalk between the PI3K/AKT and
the Wnt signaling pathways. Further, we showed that blocking AKT using an inhibitor
eliminated all growth and reversion, suggesting that PI3K/AKT is epistatic to the Wnt signaling
pathway with regard to survival and stem cell plasticity. Further studies are needed to more
definitively elucidate the interaction between the PI3K/AKT and Wnt pathways in the injury-
repair process. Additional studies using the enteroid system to explore the mechanisms and
potential mitigators of stem cell injury are needed and will be facilitated by high-throughput

screening methodologies as recently described ***.
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Our time course data showed that Gfil-lineage ribbon tracing events appear to emerge
from the crypt base (Figure 2F), indicating that Paneth cells are more likely to revert and
contribute to injury-induced ISCs. However, our Gfil reporter mice marked both Paneth and
goblet cells, so we cannot rule out the possibility that crypt-resident goblet cells may also revert
to Lgr5" stem cells following injury. There is an unlikely possibility that other cells, when
reverting to injury-induce ISCs, turn on Gfil before fully reverting. Finally, our in vivo treatment
showed that R-spondin 1 and PTENinh treatment enhanced Gfil® cells mitotic activity,
suggesting that manipulation of the Wnt and PI3K/AKT pathways during tissue damage may

enhance injury-induced ISCs regeneration and reconstitute lost tissue.

In summary, lineage tracing revealed that Gfil® cells retain cell fate plasticity and revert to
Lgr5* stem cells following severe injury. Our results demonstrate that terminally differentiated
secretory cells, primarily Paneth cells, can re-enter the cell cycle and revert to Lgr5' ISCs to
repopulate the depleted ISC pool and facilitate intestinal regeneration. Furthermore, we find
that the Wnt and PI3K/AKT signaling pathways are key players in tissue repair and regeneration
by enhancing survival, stem cell reversion, and clonal expansion. These studies not only
improve our current understanding of injury-induced ISCs that contribute to intestinal epithelial
regeneration, but also offer insights for developing novel therapeutic strategies to mitigate and

enhance regeneration after tissue injury.
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Figure 1. Gfil* lineage cells express Paneth and goblet cell markers. (A) An
schematic representation of the cross between the GfilCre Knock-in mouse
and the Cre-mediated reporter R26-GFP, R26-YFP or R26-tdTomato to
generate the Gfil reporter mouse. (B) Immunostaining showed Gfil-YFP cells
from Gfi1e/* R2651YFP mouse were co-localized with Paneth cell marker,
lysozyme (Lyz) (top panel) and goblet cell marker, mucin 2 (Muc2) (bottom
panel). Green: YFP; Red: Lyz (top), Muc2 (bottom); Blue: E-cadherin. Scale
bars: 100 um. (C) Quantification of Gfil-YFP cells in Lyz+ Paneth cells and
Muc2+ goblet cells. (D) Gfil-YFP cells were sorted by FACS and analyzed for
Lyz and Muc2 expression by qPCR.
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Figure 2. Gfil lineage cells re-enter cell cycle upon stem cell depletion. (A) Histological staining
by H&E showed intestinal mucosal damage in mouse 2 days after doxorubicin treatment. (B)
Quantification of crypt number in control and doxorubicin-treated mice. (C) Lgr5-EGFP mice
were treated with doxorubicin and intestinal tissues were collected. Lgr5* stem cell were
analyzed by immunofluorescent staining. Green: GFP; Blue: DAPI. Scale bar, 50 um. (D)
Quantification of Lgr5* cells by FACS. To determine whether Gfil* secretory cells re-enter cell
cycle, Gfilere/+ R26SHYFP mice were treated doxorubicin for 48 hr. Ki67 staining (F) or EdU
staining (G) were used to label cycling cells. Arrows indicated proliferative Gfil-YFP cells
(YFP+Ki67+EdU+). (E) Ki67+YFP+ live epithelial cells (EpCam+) were quantified by FACS. Blue: E-
cadherin; Green: YFP; Red: Ki67; White: Edu. Scale bar, 10 um.
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Figure 3
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Figure 3. Gfil secretory cells revert to Lgr5* stem cells and repopulate to all cell lineages.
(A) Histological analysis of GFP staining of the intestine in Gfi1<¢/* R26-GFP mouse 7 days
after doxorubicin treatment. Lineage tracing revealed that the formation of numerous
GFP* stem cell ribbons. (B) Gfil-GFP* ISCs are multipotent by immunofluorescenct
antibody detection of lineage markers within Gfil-lineage ribbons including Muc2 for
goblet cells, Lyz for Paneth cells, chromogranin A (CgA) for enteroendocrine cells and Ezrin
for enterocytes. (C) Lgr5-EGFP; Gfilcre/+; R265L1YFP mouse was treated with doxorubicin for
48 hours. Fluorescent images showed Gfil-YFP cell co-expressed Lgr5 stem cell marker.
Dashed lines indicated GFP*Tomato* cell. Scale bar: 10 um. (D) Immunofluorescent
analysis showed negative staining of DNA damage marker, rH2AX and apoptotic marker,
caspase 3(CASP-3) after doxorubicin-induced injury. Scale bare: 100 um.
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Figure 4. The extent of reversion was correlated with the severity of injury. (A) Gfi1ce/*;
R265EYFP mice were treated with anti-CD3 ab (left panel), 10 Gy radiation (middle panel)
and rotavirus (right panel). By 7 days after treatment, we analyzed Gfil-lineage tracing
events by YFP reporter. A summary of this experiment is shown in Table. To examine
whether Gfil protein function is required for stem cell reversion. We treated Gfilnull mice
(Gfilcre/ere; R2ELSL-GFP) mijce with doxorubicin for 7 days. Immunostaining showed Gfil-
lineage traces in doxorubicin-treated mouse but not in PBS-treated mouse. Scale bare: 100
um.
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Figure 5. AKT/mTOR signaling is upregulated in injured tissue. (A) Immunostaining by pS6
antibody showed the induction of pS6 expression that was persisted for 7 days after
injury. (B) We generated enteroids from Gfile®+*; R2651YFP mice and analyzed cells by
secretory cell marker, Lyz and Muc2 and proliferative marker, Ki67. (C) Immunoblotting
showed the expression of pAKT, total AKT, pS6 and GAPDH after doxorubicin, PTEN
inhibitor or AKT inhibitor treatment.
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Figure 6. PI3/AKT and Wnt stimulation enhance cell survival and stem cell reversion
following injury in vitro. (A) Scheme of doxorubicin, inhibitors and growth factors
treatment in enteroids. (B) Bright field images showed the enteroid growth and budding in
enteroids after treatment. Arrows indicated live enteroids. (C) Quantification of enteroid
survival in different treatment groups. (D) Images demonstrated non-reverted versus

reverted enteroids with or without injury. (E) Quantification of reverted enteroids in
different treatment groups.
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Figure 7. Activation of PI3K/AKT and Wnt improves tissue regeneration in vivo. (A)
Histological analysis by H&E in Gfil<e/*; R2651YFP mice with different treatments. (B) We
analyzed Gfil-lineage tracing events using immunostaining by GFP antibody. Crypt number
(C), crypt depth (D), lineage tracing events (E) and number of positive YFP+ crypts per
event (F) were quantified. Green lines indicated Gfil-lineage tracing events.



Supplementary Figure 1

YFP CD3

Supplementary figure 1. Immune cells express Gfil in the small intestine. (A)
Immunofluorescent staining showed Gfil-lineage cells in lamina propria in the small
intestine are CD3+ immune cells. Blue: E-cadherin; Green: YFP; Red: CD3. Scale bar: 100
pm.
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Supplementary figure 2. Induction of Wnt and AKT signaling pathways by high R-spodinl
and PTENinh treatment. (A) Enteroids were treated with doxorubicin for 4 hours and then
high R-spondinl (Rspol) conditioned media (60%) (A) or PTENinh (B) were added into
enteroids for 6, 24 and 48 hours. Myc, pAKT(Ser473), pAKT(Thr308) and total AKT were
detected by Western blot. GAPDH was used as internal control.



Supplementary Figure 3
A

Doxorubicin treatment

No Dox Enteroid 1 Enteroid 2 Passage

Supplementary figure 3. Gfil* secretory cells possess stemness after injury. Live images
showed enteroids derived from Gfi1ee/*; R265YFP in uninjured or injured condition. By 12
days after doxorubicin treatment, a cluster of Gfil-lineage cells was showed in enteroids.
After passage, several YFP-homogeneous enteroids were showed in doxorubicin-treated
group but not in control group.



Table 1 - gPCR primers

Supplementary Figure 2

Name Sequence
MUC2_F ATGCCCACCTCCTCAAAGAC
MUC2_R GTAGTTTCCGTTGGAACAGTGAA
Defal F CCTACTCTTTGCCCTTGTCC
Defal R CTCATGCTCGTCTTGTTCTC
Lysozyme_F GGATCAATTGCACTGCTCTG
Lysozyme_R CAGTTCCGAATATACTGGGAC
Table 2 - Antibody list
Antibody Name Host Company Category# Tissue Dilution
beta-catenin rabbit Santa cruz sc-7199 human 1:500 (IF, ps\r/%fﬁn), 1:3000
GFP goat Abcam ab6662 mouse | 1:250-500 (IF, paraffin,
Lysozyme rabbit Zymed 18-0039 mouse 1:1000 (IF, paraffin)
PCNA mouse Cell signaling 2586 mouse L: 5?9285’0')(&\1/:’/%1? M
E-cadherin mouse Abcam ab76055 human 1:250(IF, ;z?l\r/z;f;ﬁn), 1:2000
Muc2 rabbit Santa cruz sc-15334 mouse 1:500 (IF, paraffin)
kie7 rabbit Novacastra NCL-Ki67p mouse 1:1000 (IF, paraffin)
mmp7 goat R&D AF2967 mouse 1:500 (IF, paraffin)
DPP4 goat R&D AF954 mouse 1:200 (IF, paraffin)
Chromogranin A rabbit Immunostar 20085 mouse 1:1000 (IF, paraffin)
EpCAM rat Biolegend 118214 mouse 1:200 FACS
pS6 rabbit Cell signaling 4858S mouse 1:250 (IHC, paraffin)
p-AKT (s473, rabbit Cell signaling 9271S mouse 1:1000 (WB,
p-AKT (s473, rabbit Cell signaling 4060 mouse 1:1000 (WB,
p-AKT (T308, rabbit Cell signaling 29655 mouse 1.1000 (WB,
AKT rabbit Cell signaling 9272S mouse 1:1000 (WB,
Myc mouse Santa cruz SC-40 mouse 1:1000 WB
GAPDH-HRP rabbit Cell signaling 14c10 mouse 1:1000 WB
Ezrin mouse DSHB CPTC-Ezrin-1 mouse 1:25 (IF, paraffin)
Alexa 488 donkey anti-goat donkey Jackson immuno | 705-545-147| mouse 1:200 (IF, paraffin)
Alexa 594 donkey anti-rabbit donkey Jackson immuno | 711-585-152 mouse 1:200 (IF, paraffin)
DyLight 405 donkey anti-mouse donkey Jacksonimmuno | 715-475-150 | mouse 1:200 (IF, paraffin)
Biotinylated Rabbit Anti-Goat IgG Antibody rabbit Vector BA4100 mouse 1:200 (IF, paraffin)
Biotinylated Goat Anti-Rabbit IgG Antibody goat Vector BA-1000 mouse 1:200 (IF, paraffin)




