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SUMMARY

The gut epithelium has a remarkable ability to recover from damage. We employed a combination
of high throughput sequencing approaches, mouse genetics, and murine and human organoids, and
identified a role for TGFB signaling during intestinal regeneration following injury. At 2 days
following irradiation (IR)-induced damage of intestinal crypts, a surge in TGFB1 expression is
mediated by monocyte/macrophage cells at the location of damage. Depletion of macrophages

or genetic disruption of TGFB-signaling significantly impaired the regenerative response.
Intestinal regeneration is characterized by induction of a fetal-like transcriptional signature

during repair. In organoid culture, TGFB1-treatment was necessary and sufficient to induce the
fetal-like/regenerative state. Mesenchymal cells were also responsive to TGFB1 and enhanced

the regenerative response. Mechanistically, pro-regenerative factors, YAP/TEAD and SOXO9, are
activated in epithelium exposed to TGFB1. Finally, pre-treatment with TGFB1 enhanced the
ability of primary epithelial cultures to engraft into damaged murine colon, suggesting promise for
cellular therapy.

Graphical Abstract
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Chen et al. identify TGFBL1 as a key facilitator of intestinal regeneration, revealing that TGFB1
is sufficient to induce epithelial cells to acquire a fetal-like state typical of regenerating intestine.
This fate shift enhances organoid transplants into damaged mouse colons. The TGFB-induced
regenerative circuit may have applications in cellular therapy.
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INTRODUCTION

The intestinal epithelium is a single layer of cells organized into crypts and villi. Under
homeostatic conditions, the intestinal epithelium displays a remarkably high turnover rate,
where the majority of epithelial cells are replaced every 3 to 5 days, fueled by proliferation
of stem and progenitor cells localized in the crypts. The high-rate of crypt cell proliferation
makes crypts sensitive to damage by acute inflammation, chemotherapy, or radiotherapy.
Upon damage, stem cells are often lost, and differentiated epithelial cell lineages exhibiting
plasticity can respond to tissue damage and restore resident intestinal stem cells (ISCs),
including crypt base columnar stem cells (CBCs), which are important for regeneration
following injury.! For example lineage tracing studies have shown that, D//1*2 and Atoh1*
secretory? progenitor cells, Lyz1™ Paneth cells?, and A/pi* enterocyte progenitor cells® can
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all de-differentiate to Lgr5* ISCs in response to injury, as can cells believed to be slower
cycling reserve stem cell populations.6-10

A remarkable property of regenerating intestinal epithelium is its acquisition of a fetal-

like transcriptome. The fetal-like, regenerative state is observed in response to helminth
infection, irradiation, ablation of CBCs, or DSS-induced colonic damage.11:12 Regenerating
epithelium in response to virtually all types of tissue damage rely upon activation of the
hippo-YAP/TAZ signaling pathway.812:13 Transcription factors SOX9 and ASCL2 have
also been shown to be important in driving the regenerative response,®14 and the fetal-like/
regenerative signature appears to be coopted by colon cancers,®15 further highlighting

the importance of this phenomenon. Despite our understanding of cellular plasticity in

the intestine, the signaling mechanisms leading to the fetal-like regenerative state and
subsequent regenerative process are less well understood.

In this study, we aimed to uncover cells driving the regenerative response, as well as the
signaling mechanisms underlying the regenerative ability of intestinal tissues in hopes of
finding new therapeutic avenues for intestinal regeneration. Using genetic mouse models,
epigenetics, bulk and single cell RNA-sequencing and tissue/organoid culture approaches,
we explored the interplay among intestinal epithelial cells, mesenchymal cells and immune
cells. We found that TGFB signaling is activated in the intestine post-irradiation, and the
main source of TGFB1 is monocytes/macrophages. We further explored the relationship
between TGFB signaling and the regenerating intestinal epithelium, as well as the ability
of intestinal mesenchyme to promote regeneration after TGFB1 exposure. We discovered
a critical role for TGFB1 in promoting intestinal regeneration by inducing a fetal-like,
regenerative state in the epithelium via activation of pro-regeneration transcription factors
YAP and SOX9. Therapeutically, TGFB1-treated organoids support a more robust tissue
engraftment into a mouse model of colitis, suggesting that activation of the regenerative
response enhances cellular therapy. These results suggest that modulation of TGFB-
signaling could enhance regenerative strategies or cellular therapies in the human intestine.

Monocyte/Macrophages deliver TGFB1 ligands to intestinal crypts damaged by irradiation

To better appreciate a time-resolved intestinal response to ionizing radiation, we performed
a detailed study across the 5 days post-12 Gy whole body irradiation of mice. Loss of
intestinal crypt architecture was widespread by 2 days post-irradiation, with notable loss

of proliferative (Ki67 and BrdU incorporation) and stem cell (OLFM4) markers (Figure
1A-B, Figure S1A). Between days 2 and 3 post-IR, cellular proliferation in the crypt
resumed, most frequently near the crypt-villus junction (Figure 1B and Figure S1A-D),
with highly proliferative, regenerating crypts observed by day 4-5 (Figure 1A). Consistent
with published reports, transcriptome analysis of isolated crypt epithelium at day 2—3 post-
IR (GSE16515716) identified elevated levels of genes associated with a fetal/regenerative
epithelium;11:12.17 3 corresponding decrease was observed in transcripts associated with the
crypt-base-columnar stem cell® (Lgr5, Olfm4, Figure 1C-D, Figure S1E). Similar patterns
are observed at the single-cell level (GSE1177838) when comparing crypt epithelial cells
from control mice or mice at 3 days post-IR (Figure 1E). To specifically focus on cells
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driving regeneration at an earlier time point in regeneration, we isolated proliferative cells at
56h post-IR, a moment when proliferative cells begin to reappear towards the upper regions
of the former crypts. To isolate proliferative cells, we employed Ki67-RFPtransgenic micel®
and used Fluorescence-Activated Cell Sorting (FACS) followed by scRNA-seq. Compared to
Ki67*cells in homeostatic crypt epithelium, Ki67" cells within the regenerating epithelium
formed a separate cluster when visualized using Uniform Manifold Approximation and
Projection (UMAP) and expressed elevated transcript levels of markers associated with
fetal/regenerative intestinal epithelium, including Ly6aand C/u (Figure 1F-G, Figure S1F).
Within the regenerative cell cluster, O/ffm4" and C/u* cells appeared at opposite ends,

with C/uhi cells expressing lower levels of cell cycle genes than O/fm4 hi cells (Figure
S1G-H), consistent with the previous report of C/u* cells marking a more quiescent revival
population.8 Taken together, these data indicate that a regenerative response following 12 Gy
irradiation initiates around day 2 post-IR with the re-emergence of Ki67* and BrdU* cell
populations that express hallmark transcripts of the fetal/regenerative epithelium.

We next sought to define key cells and signaling pathways that support the regenerative
epithelium. We first conducted scRNA-seq analysis from whole intestinal tissues post-IR
(GSE165318), and interrogated ligands known to regulate prominent pathways important
for epithelial homeostasis, including the TGFB/BMP and WNT pathways. Of the ligands
we analyzed for transcript expression associated with regenerative time points, 7gfb1
stood out with robust expression, particularly at day 3 post-IR (Figure 2A). We next
conducted a time-resolved series of experiments to explore potential TGFB1 contribution
to intestinal regeneration (Figure S2A). Validation qRT-PCR analysis of 7gfb1 expression
in whole intestine confirmed elevated levels at days 2-3 post-IR, and ELISA assays showed
corresponding increase in TGFB1 protein levels at day 3 post-IR in whole intestinal
lysates (Figure 2B-D, Figure S2B-E). Increase in TGFB1 corresponded to elevated levels
of p-SMAD2/3, the downstream transcriptional effectors of TGFB signaling (Figure S2F-
G). Further analysis of sScRNA-seq data identified a cluster of cells expressing monocyte/
macrophage markers as the most prominent source of 7gfb1 transcripts in the gut post-IR
(Figure 2E, Figure S2H). Macrophages have previously been implicated in intestinal repair/
regeneration,20 and these results suggest production of TGFB may play a key role in

this process. Increases in monocyte/macrophage-associated transcripts (Figure 2F), cells
expressing macrophage protein markers (F4/80, Figure 2G, Figure S2I), and co-expression
of macrophage markers and 7gfb1 transcripts (Figure 2H, Figure S2J) collectively pointed
to monocyte/macrophages being recruited to the damaged crypts and producing TGFB1
ligands at days 2—-3 post-IR.

TGFB1 signaling and monocyte/macrophages are required for epithelial regeneration
following irradiation

To further explore a role for TGFBL in epithelial regeneration, we sought to define
TGFB-receptor expression. TGFB receptors are expressed in the epithelium, and 7gfbr2

is specifically elevated at 3 days post-IR, specifically at a time when homeostatic stem cell
markers are reduced and fetal/regenerative marker transcripts are elevated in the epithelium
(Figure 3A). Tgfbr2transcripts are particularly enriched in epithelial cells co-expressing
regenerative markers such as C/uand Lyéa (Figure 3B—-C, Figure S3A), and enriched near
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the crypt zone when assayed /n situ using RNAscope (Figure 3D). Other scRNA-seq datasets
of regenerating intestinal epithelium (GSE14586621) independently confirm the elevation of
Tgfbr2 in the epithelium following IR and correspond to the pattern of transcripts associated
with the regenerative cell state (Figure 3E, Figure S3B-C).

Increased expression levels of fetal/regenerative transcripts were observed in organoids co-
cultured with IR macrophages compared to organoids co-cultured with non-IR macrophages
or organoids only (Figure S3D). To better appreciate the role of monocyte/macrophages and
TGFB1 signaling in intestinal regeneration /n vivo, we perturbed recruitment of these cells
to damaged intestines or blocked TGFB-signaling following 12 Gy irradiation. We depleted
monocyte/macrophage populations by treating mice with clodronate-containing liposomes.
Clodronate liposome treatment led to a visible reduction in F4/80* cells in intestines at 3
days post-IR compared to animals treated with control liposomes (Figure S3E), and led to a
corresponding decrease in regenerative epithelial foci in the intestine (OLFM4 immunostain,
Figure 3F). This is consistent with the report that a block in monocyte recruitment

to the damaged intestine results in less regeneration after IR in a CCR2KC model.22
Additionally, transcript levels for markers of monocyte/macrophages were decreased by
clodronate treatment, as well as 7gfb1 transcripts and protein (Figure 3G, Figure S3F).

A reduction in regenerative cell markers was also observed upon clodronate treatment
(Figure 3G) consistent with a role for monocyte/macrophage cells in both promoting
regeneration and with supplying TGFBL1 to the damaged crypts. To specifically target
TGFB signaling in the regenerative process, we either treated mice with TGFB-neutralizing
antibodies, or genetically inactivated 7gfbr2or Smad4. In each case, perturbations of

the TGFB-signaling pathway led to reduction of regenerative crypts following IR (Figure
3H-J). These experiments suggest a mechanism in which monocyte/macrophages promote
epithelial regeneration by promoting TGFB1 signaling activity in the intestinal epithelium.

TGFB1 is necessary and sufficient to induce fetal reversion in intestinal organoid cultures

The previous experiments perform loss-of-function assays to support a role for TGFB1

in driving epithelial regeneration. We next investigated whether exogenous treatment of
TGFB1 would be sufficient to induce a regenerative epithelial state in the context of
intestinal organoid culture.23 We exposed intestinal organoids to 4 Gy IR four days

after initiation of crypt culture, and 48 hours later we treated cultures with a single,
24-hour dose of TGFB1 (Figure 4A) to approximate the timeline of TGFB1 enrichment

in the regenerating gut (Figures 2-3). Compared to controls, organoids treated with
TGFB1 exhibited a spheroid morphology (Figure 4B—C) and a notable elevation in fetal
and regenerative cell transcripts (Figure 4D-E). TGFB1-induced expression of the fetal/
regenerative/revival cell/YAP signaling signatures was i) rapid, occurring within 24 hours,
ii) sustained, lasting at least 5 days following the single TGFB1 treatment (Figure 4F-G,
Figure S4A), iii) dependent upon epithelial 7g7br2 expression, as the response did not
occur in TGFB1-treated Tgfr250 organoids (Figure 4G, Figure S4A-C), and iv) sensitive
to TGFBR-inhibitors (Figure S4D-F). To better appreciate the timeline of the organoid
response to TGFB1 treatment, we performed scRNA-seq analysis of organoids treated with
vehicle or TGFBL1 for 6, 15, or 24 hours (Figure 4H). TGFB1-treatment induced increasingly
elevated levels of canonical TGFB1-pathway targets such as /dZ, Smad7, and Tgifl over
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time, and these increases were accompanied by a marked induction of regenerative markers
such as Cluand Anxa-family genes (Figure 41). Approximately half of the cells expressed
transcripts consistent with differentiated enterocytes, and the remainder expressed transcripts
associated with progenitor cell populations (Figure 4J-K). These analyses point to an
induction of the regenerative marker C/u as early as 6 hours post-TGFB1 treatment, and
maximal expression at the latest time point collected, 24h. RNA velocity analysis and
UMAP visualization indicated that C/u~expressing cells at the later time points appear
most closely related to Lgr5-expressing progenitor cells, suggesting a potential origin of
these cells. Collectively, these data indicate that TGFB1 potently induces a shift in the
morphology and transcriptome of intestinal organoids to acquire properties of regenerating
epithelium.

The stromal mesenchyme responds to TGFB1 to promote fetal reversion of the epithelium

Pdgfra-expressing cells have demonstrated roles regulating epithelial growth.24-26 We
therefore analyzed Pdgfra positive cells from the scRNA-seq dataset from whole intestinal
tissues post-IR (Figure S2H), and found that 7gfbr2transcripts were enriched in

Pdgfrat mesenchymal cell populations (Figure 5A, Figure S5A). To define the role of
intestinal mesenchyme in promoting TGFB1-dependent regeneration, we cultured Pdgfra-Lo
mesenchymal fibroblasts from Pagfra-H2B-EGFP transgenic mice?” according to published
isolation strategies.28 Cultured mesenchyme changed morphology in response to TGFB1-
treatment, aggregating into clusters of cells in a dose-dependent response to TGFB1 (Figure
5B-C), confirming their ability to respond to the ligand. It seems mesenchymal cells are
more contractile after TGFB1 treatment, which may facilitate recruiting mesenchymal cells
to damaged tissue. To identify the role of TGFB1 signaling in the interactions between

the epithelium and mesenchyme, we co-cultured these cell types and manipulated TGFB-
signaling (Figure 5D). Organoids were cultured for 3 days in 3D matrix bubbles and then
floated above mesenchyme monolayers for 2 days before collecting the epithelium for
gRT-PCR. Pre-treating the mesenchyme cultures with TGFB1 influenced the subsequent
co-cultures, with a dose-dependent induction of transcripts associated with regeneration in
the epithelium (Figure 5E). Conversely, pre-treatment with inhibitors of TGFB receptors
suppressed the same markers of regeneration in the epithelium (Figure 5E). In response to
TGFB1 pre-treatment, mesenchymal cells exhibited higher levels of transcripts expected to
promote regeneration/wound healing such as Ptgs2, Wnt5a, and Lif29-31 lower levels of
transcripts that promote homeostatic epithelial growth, such as GremI and Rspo32432 were
observed in response to TGFBL1 treatment (Figure 5F), suggesting that TGFB1 reshapes the
signaling environment to favor regenerative growth.

Similar changes in transcriptional profiles were observed /n vivo within the Pdgfra-
expressing populations in response to IR (Figure S5A), and mesenchyme isolated from
irradiated intestines expressed higher levels of transcripts for pro-regenerative growth
ligands and reduced levels of ligands associated with homeostatic growth (Figure S5B).

A pro-regenerative signature was also robustly reduced when mesenchymal cultures derived
from irradiated mice were pre-treated with TGFB-inhibitors before epithelial overlay (Figure
5G, Figure S5C-E). Finally, to define the role of TGFB in both mesenchyme and epithelial
cells in response to IR in vivo, we utilized Tgfbr2": UBC-CreFRT2 mice to inactivate the
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receptor across all cell populations. We found loss of 7gfbr2in mesenchyme and epithelial
cells led to a dramatic reduction of regenerative crypts following IR (Figure 5H-J). The
impaired regeneration is more pronounced in the UBC-CrefR72 model of Tgfbr2loss in
both mesenchyme and epithelial cells than in epithelial-specific 7gfbr2knockout (Figure
31). These experiments implicate stromal cells in TGFB-mediated intestinal regeneration.

TGFB1 induces a YAP-SOX9 regenerative circuit

To better appreciate the epithelial response to TGFB1, we conducted ATAC-seq and

defined 1,647 genomic regions that gained chromatin accessibility in organoids treated

with TGFB1 (Figure 6A, Figure S6A-C, Table S1, Diffbind FDR < 0.01). Examples of
regeneration marker genes with increased chromatin accessibility in response to TGFB1
treatment include Anxal, Cd44and Whtba (Figure 6B). Regions of the genome with
increased accessibility were enriched in transcription factor motifs known to bind SOX,
TEAD, and SMAD families of transcription factors (Figure 6C, HOMER). By contrast,

the 3,900 genomics regions more accessible in the vehicle-treated condition are enriched

in transcription factor binding motifs that are associated with function of the homeostatic
intestinal epithelium (Figure 6C). This chromatin accessibility analysis suggests that Hippo-
TEAD, SOX9, and TGFB-SMAD signaling activity or expression are elevated in response
to TGFB1 treatment. Notably, SOX9 protein levels are induced after IR of the intestine

and SOX9-expressing cells coincide with cells expressing the regenerative factor YAP
(Figure 6D, Figure S6D-E). In scRNA-seq data reanalyzed from Figure 3B to focus

on epithelial cells, Sox9is elevated in response to IR, and corresponds to elevation of

genes involved in YAP signaling and organization of the extracellular matrix (Figure 6E—
G). Importantly, Sox9is co-expressed in cells producing 7gfbr2, suggesting a potentially
direct connection between TGFB1 and Sox9 regulation (Figure 6H). In mice treated with
clodronate liposomes to deplete monocyte/macrophages, SOX9 protein and transcript levels
were notably reduced in the crypt domain at 3 days post-IR compared to controls (Figure 61,
Figure S6F).

Treatment of organoids with TGFB1 induced Sox9expression, and this induction was
dependent upon the expression of 7gfbr2, could be blocked by TGFBR2-inhibitors, and
increased with time after exposure to TGFBL1 (Figure 6J-M). Organoid cells expressing
Sox9in response to TGFB1 treatment (Figure S6G) were co-localized to cells expressing
Clu (Figure 4K). ChIP-seq data (GSE11294633) indicate that SMAD4 can directly bind to
the Sox9and Ctgfloci, suggesting a direct pathway between TGFB1 and the regenerative
response (Figure 6N). Furthermore, organoid cultures were refractory to TGFB1-induced
spheroid formation in the absence of SOX9, and reduced levels of regenerative gene
expression were also observed in TGFB-treated Sox9%© organoids compared to TGFB-
treated control organoids (Figure 60-Q). SOXJ is critical for the regenerative response,
as epithelial-specific inactivation of Sox9led to a severely reduced number of OLFM4*
regenerative crypts at 3 days post-IR (Figure 6R), similar to what has been reported by
others.? These data are consistent with a model in which TGFB1 exposure leads to direct
transcriptional activation of Sox9and the YAP pathway, with subsequent activation of the
regenerative response.
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Pre-treatment of organoid cultures with TGFB1 enhances engraftment efficiency into
damaged colon

Epithelial transplants hold tremendous promise for cellular therapy to correct genetic
disorders affecting the intestine or to accelerate healing of damaged mucosa. Given the
importance of TGFBL1 in promoting regenerative characteristics in the intestinal epithelium,
we suspected that TGFB1 pre-treatment of epithelial organoid cultures could improve
transplant efficiency. Since pre-irradiating organoids would not be conducive to use in

the clinic, we revisited the strategy of treating non-irradiated organoids with TGFB1 and
monitored the response using RNA-seq and gRT-PCR. We found TGFB1-induced fetal/
regenerative gene expression is independent of IR-induced damage (Figure 7A-D, Figure
S7A), and conserved in human organoids (Figure S7TB-E). Loss of 7gfbr2 suppresses
fetal/regenerative gene expression in these organoids as well (Figure S7F). Given a robust
induction of regenerative marker gene expression in response to TGFB1 treatment in non-IR
organoids (Figure 7A-D), we next assayed the effects of TGFB1 pre-treatment of organoids
in a well-developed engraftment assay in which the host epithelium is damaged through
exposing animals to Dextran Sulfate Sodium (DSS34,). We noted that there were variations
of intestinal damage among DSS-treated mice, but the cohort receiving TGFBL1 pre-treated
organoids showed improved histological and pathological features compared to control
groups (Figure S7G-K). To minimize the variations inherent in the DSS model, we next
conducted a competitive transplantation assay in which organoids treated with vehicle or
TGFB1 would be co-transplanted via enema. Organoids were collected from transgenic mice
expressing fluorescent reporters that could be traced following implantation (Figure 7E-F).
Excitingly, TGFB1-treated organoids were significantly more likely to colonize the host
colon than vehicle treated controls, as visualized by fluorescence (Figure 7G, Figure S7L).
Engraftment, quantified either by the size of the individual graft or the average size of the
organoid graft per mouse was significantly enhanced in the TGFB1-treated condition (Figure
7H-1). These data reflect the promise of TGFB1 pre-treatment in supporting the use of
epithelial cultures for cellular therapy in the Gl tract.

DISCUSSION

Radiotherapy, chemotherapy, inflammatory bowel disease, and other maladies of the gut
induce extensive damage of the intestinal epithelial lining. These conditions could be
alleviated by transplant of healthy epithelial cells. Genetic disorders affecting intestinal
epithelial cell functions, such as microvillus inclusion disorders or congenital diarrhea

or nutrient transporter deficiencies could also be corrected by replacement of defective
epithelium with genetically corrected epithelial transplants. In this study, we discover a
critical role for TGFB1 in promoting intestinal regeneration. Dysregulation of tissue repair
can trigger excessive extracellular matrix deposition and lead to fibrosis, which replaces
normal parenchymal tissue. Myofibroblasts secrete large amounts of extracellular matrix and
are regarded as the culprits of fibrosis after injury.3®> TGFB signaling drives fibrosis in many
organs including the intestine;36-42 however, our strategy of ex-vivo treatment could avoid
tissue fibrosis. We propose an application of these findings to enhance intestinal engraftment
by using TGFBL1 ligands to induce a fetal-like regenerative-state in intestinal organoids.
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We demonstrate that TGFB1-treated organoids support more robust tissue engraftment in a
mouse model of ulcerative colitis.

YAP, a downstream transcriptional effector of Hippo, is important for regeneration of
intestinal epithelium after IR.13 We highlighted a number of YAP target genes that are
induced by TGFB1, including Areg.*3 As a transcriptional target of YAP, amphiregulin
(AREG) contributes to YAP-mediated cell proliferation and migration.** Loss of Areg
impaired intestinal regeneration after radiation injury,> while administration of AREG
ameliorated colitis upon DSS insult.*8 £ain1 is another well-established YAP/TAZ target
gene.*’ scRNA-seq identified a set of stem-cell specific markers for the least differentiated
intestinal stem cells, including Lgr5and Eani,*8 indicating the potential role of £ani in
intestinal stemness during YAP-dependent recovery. Furthermore, YAP is known to promote
wound healing through its functions in cell adhesion, cell mechanics, and regulation of

the actin cytoskeleton.#%-51 As a major adhesion receptor, ITGB1 plays an important role

in cell migration and adhesion,>2 which may contribute to the wound healing process of
intestinal regeneration. Areg, Edni, and /tgb1 are upregulated in the intestinal epithelial cells
during regeneration after IR. These transcripts are also upregulated upon TGFB treatment

in the intestinal organoids. Altogether, these data suggest TGFB induces a gene program
overlapping with YAP targets involved in the wound healing process.

Mechanistically, we demonstrate pleiotropic functions for TGFB1 during regeneration.
These TGFBL1 functions include the induction of C/u/* cells, the promotion of fetal/
regenerative gene signatures, the stimulation of mesenchymal cells to secrete pro-
regenerative ligands, and the subsequent induction of a YAP-SOX9 circuit in the intestinal
epithelium. C/u* cells are very rare in homoeostatic intestine, but are activated in damaged
intestine and can rapidly expand to reconstitute Lgr5* 1ISCs and promote regeneration of the
intestinal epithelium.8 These C/u* cells undergo a YAP-dependent transient expansion upon
intestinal injury,8 and will go on to restore homeostatic stem cells. While our study was
focused on the earliest stages of the regenerative process, we presume that homeostasis will
be restored following TGFB1-induction, as we see TGFB1-treated organoids will transition
back to branched structures associated with the homeostatic state. A fetal-like reversion

of the regenerative epithelium and re-initiation of a fetal-like developmental transcriptional
program were observed during intestinal regeneration after injury caused by DSS-induced
colitis or helminth infection.11:12 Upon injury, YAP transiently reprograms Lgr5" ISCs

by inducing a regenerative program while suppressing the Wnt-dependent homeostatic
program.13 We bring insight into the function of TGFBL1 in the regeneration process,

and suggest a clear advantage for TGFB1-treated organoids to engraft in DSS-damaged
intestines compared to canonically-treated intestines.

Recent studies suggest mesenchymal cells as important sources of niche signals.24-26.53-55
We reveal that TGFB1 pushes mesenchymal cells from homeostatic RSPO/Grem1 signals
to regeneration/wound healing signals. Elevated levels of Pigs2and Whnt5a were observed
in TGFB1-treated mesenchymal cells. Ptgs2-expressing fibroblasts process arachidonic acid
into prostaglandin E2 (PGE2), which enhances YAP activity through the prostaglandin

EP4 receptor and drives expansion of Sca-1* reserve-like stem cells.2? PGE2 triggers

cell fate plasticity by promoting a switch from differentiated enterocytes to wound-

Cell Stem Cell. Author manuscript; available in PMC 2024 November 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 11

associated epithelial (WAE) cells.>® Additionally, Wnt5a, a noncanonical Wnt ligand,
potentiates TGFB signaling and is required for crypt regeneration through the WAE
cells.30 Interestingly, 7rem2-expressing macrophages associate with the WAE layer,>” and
WNT-producing macrophages enhance epithelial regeneration following tissue damage.>8
While previous studies have demonstrated TGFB1 production by circulating macrophages
following phagocytosis of dying cells,>® here we demonstrate that macrophages are the
primary TGFBL1 source in intestinal regeneration, and the TGFBL1 is necessary for full
regeneration and sufficient to induce the epithelial regenerative state. Future studies will
be required to genetically dissect the role of TGFB signaling pathway in stromal cell
subpopulations of the intestine by using different Credrivers. TGFBL is not the only signal
that can trigger the regeneration-promoting molecules from the stroma,32:60 and future
studies will be required to study the crosstalk of TGFB and other signals.

Limitations of the Study

Further studies using lineage tracing methods should be done to corroborate the finding
inferred using RNA velocity, specifically to define the source of the C/u* cells induced by
TGFB1. The DSS model of ulcerative colitis is used to assay for organoid engraftment,
however the variable degree of tissue ulceration in response to DSS treatment hinders

future evaluation and optimization of the organoid engraftment procedure. Development

of more consistent methodologies to de-epithelialize the host colon will be important for
future development of cellular therapies. SOX9 and YAP/TAZ function in numerous cellular
contexts, but it remains unclear how their transcriptional targets may differ in regenerating
cells compared to homeostatic intestinal epithelial cells and could be important to further
dissect the mechanisms through which regenerating cells acquire a distinct transcriptome.

STAR METHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents
should be directed to and will be fulfilled by the lead contact, Michael Verzi
(verzi@biology.rutgers.edu).

Materials availability—This study did not generate any unique reagents and the mouse
lines generated in this study are available upon execution of a suitable Materials Transfer
Agreement.

Data and code availability—Single-cell RNA-seq, RNA-seq and ATAC-seq data have
been deposited at GEO and are publicly available as of the date of publication. Accession
numbers are listed in the key resources table. This paper analyzes existing, publicly available
data. These accession numbers for the datasets are listed in the key resources table.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this work paper is
available from the Lead Contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—The Villin-Cre£”72 transgene, 61 UBC-CreFR72 transgene,®2 embryonic-onset Villin-
Cre,%3 Tyfbor2”f84 Smada®f 65 and Sox97f6 alleles were integrated to generate the
conditional compound-mutants and controls. For Villin-Cre£~72,Smad4f, mice (8-12
weeks old) were treated with tamoxifen (Sigma T5648) at 50 mg/kg/day for 4 consecutive
days by intraperitoneal injection. For Villin-Cre£R72, Tgfbr2"f and Villin-Cre£R72,50x9f,
mice (8-12 weeks old) were treated with tamoxifen at 100 mg/kg/day for 4 consecutive
days. The knockout efficiency varied in Sox9%©, and only the mice with more than

75% of Sox9 depletion were used for downstream analysis. For UBC-CreFRT2, Tafor2™,
5-week-old mice were treated with tamoxifen at 100 mg/kg/day for 4 consecutive days at
week 5. The same treatment was repeated at week 6. Embryonic-onset Vi//in-Cre;Sox9f
mice were used for the organoid culture experiment when evaluating the requirement of
Sox9 upon TGFB1 treatment. C57BL/6, Mki67tm1.1Cle/J (also known as Ki67-RFP),1
PDGFRa-H2B-EGFP2" ACTB-EGFPS" ROSA26mT/mG (ACTB-tdTomato,-EGFP),58 and
NOD SCID69 mice were also used in this study. KAPA Mouse Genotyping Kits (Kapa
Biosystems, KK7352) were used to identify genotypes of mice.

For IR treatment, mice were subjected to 12 Gy whole-body IR with a 137 Cs y-source
irradiator at a dose rate of 60 or 85 cGy/minute. Experiments were analyzed within groups
exposed to the same irradiator treatment. For the BrdU pulse-chase experiment, mice were
injected with 1 mg BrdU by intraperitoneal injection. To deplete monocytes/macrophages,
C57BL/6 mice were treated with clodronate-containing liposomes (FormuMax Scientific,
SKU: F70101C-NC-10) by intraperitoneal injection (2 treatments of 200 pl, 72 hours pre-
and day of IR). Treatment with control liposomes (same treatment course and dose) was
performed as a control. To neutralize TGFB, C57BL/6 mice were treated with TGFB
antibody (1D11, MA5-23795, Invitrogen) by intraperitoneal injection (250 pg per dose, two
doses, on the day right after IR and 1 day after IR). Mouse 1gG1 Isotype (MABO002, R&D)
or vehicle were used as control. All mouse protocols and experiments were approved by the
Rutgers Institutional Animal Care and Use Committee.

METHOD DETAILS

Histology and immunostaining—Freshly harvested intestinal tissues were fixed
overnight with 4% paraformaldehyde at 4°C, and then washed with PBS. For paraffin
embedding, tissues were then dehydrated through ascending alcohols and processed with
xylene prior to embedding. For cryo-embedding, tissues were then processed with 15%
sucrose and 30% sucrose until tissues sunk prior to freezing in OCT compound (Tissue-
Tek 4583). 5 um-thick paraffin sections and 10 um-thick cryosections were used for
immunohistochemistry and immunofluorescence using standard procedures, respectively.
Hematoxylin (VWR, 95057-858) and eosin (Sigma, HT110180) staining was performed
using standard procedures. Immunohistochemistry was performed using primary antibodies
against Ki67 (Abcam ab16667, 1:300), OLFM4 (Cell Signaling 39141, 1:2500), CD44 (BD
558739, 1:300), BrdU (Bio-Rad MCA2060, 1:500), F4/80 (Cell Signaling 70076, 1:500),
and SOX9 (Cell Signaling 82630, 1:600). After incubating with secondary antibody and
the Vectastain ABC HRP Kit (\Vector Labs), slides were developed using 0.05% DAB
(Amresco 0430) and 0.015% hydrogen peroxide in 0.1 M Tris, and then counterstained with
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hematoxylin. The slides were mounted and viewed on a Nikon Eclipse E800 microscope.
Images were photographed with a Lumenera INFINITY3 camera and infinity capture
imaging software (v6.5.6). A Zeiss Observer Z1 microscope was used to image the
immunofluorescence staining of YAP (Cell Signaling 4912, 1:100), SOX9 (Cell Signaling
82630, 1:100) and DAPI (Biotium 40043, 1:5000). ImageJ and Adobe Photoshop were used
to adjust contrast and brightness. When adjustments of sharpness, contrast, or brightness
were made, they were applied uniformly across comparative images.

Intestinal crypt isolation—Freshly harvested intestine was flushed with cold PBS,
opened longitudinally, cut into 1 cm pieces, and then rotated in 3 mM EDTA in PBS at

4 °C for 5 minutes, 10 minutes and 40 minutes (refreshing EDTA/PBS every time). The
tissue was then vigorously shaken to release the epithelium, and crypts passed through a
70-um cell strainer. Cells were pelleted by centrifugation at 200 g for 3 minutes at 4 °C
and then washed with cold PBS. Cell pellets were used for organoid culture and single cell
dissociation for ATAC-seq as described in later sections.

Organoid culture and treatment—Primary crypt-derived organoids were isolated from
proximal half of mouse small intestine and cultured in Cultrex® reduced growth factor
basement membrane matrix, Type R1 (R&D, 3433-010-R1) or Corning Matrigel (356231)
according to established methods.23 Organoid medium was changed every 2 days. The
organoids were treated with 1 uM tamoxifen dissolved in ethanol for 12 h. Vehicle-treated
organoids served as a control. Tamoxifen was added into culture medium of organoids on
Day 3 after seeding. Recombinant TGFB1 (Peprotech 100-21) or 10 uM TGFB receptor
inhibitors including SB525334 (Selleckchem S1476) and A83-01 (Tocris 2939) were
prepared according to the supplier’s instructions, and vehicle controls were used in organoid
culture. For IR treatment, organoids on Day 4 after seeding were subjected to 4 Gy IR with
a 137 Cs y-source irradiator at a dose rate of 60 or 85 cGy/minute. 1-2 ng/ml TGFB1

was added on Day 6 or Day 7 after seeding, and was removed 24 hours after treatment.

For non-IR treatment, 2 ng/ml TGFB1 was added on Day 4 or Day 6 after seeding, and

was removed 24 hours after treatment. Details of each experimental design can be found in
figure schematics and figure legends. TGFBL1 activity was tested before each experiment and
the dose of TGFB1 was adjusted by its ability to induce spherical organoids, targeting at
~60-80% of spherical organoids after irradiation in this study, according to the decline in
TGFB1 activity over time in storage as determined (Table S2).

Human duodenal organoid lines were cultured as previously reported?243 with slight
modifications. Briefly, human organoids were plated in Corning Matrigel with L-WRN
complete medium, which contains 50% L-WRN conditioned medium. Every 220 L
Matrigel stock was supplemented with 59 pL cold L-WRN complete medium, plus an
additional 0.6 UL 2.5 mM Y27632 (Selleckchem S1049), and 5.5 uL 100 uM CHIR99021
(Axon 1386). Conditioned media from L-WRN cells containing Wnt3a, Rspondin3, and
Noggin was mixed 1:1 with 2x Basal media comprised of 43.8 mL advanced DMEM/F-12, 1
mL 200 mM GlutaMAX, 1 mL 1 M HEPES, 1 mL N-2 supplement, 2 mL B-27 supplement,
200 pL 0.5 M N-Acetyl-L-cysteine, and 1 mL penicillin/streptomycin. To make L-WRN
complete medium, the mixed media mentioned above was further supplemented with 50
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ng/mL human EGF, 100 pg/mL primocin, 2.5 uM CHIR99021 and 10 uM Y27632. To
investigate the conserved function of TGFB1 in human, 2 ng/ml recombinant TGFB1 and
vehicle controls were used in human duodenal organoid culture for 24 hours. The human
organoids were collected 24 hours or 72 hours after TGFB1 initiation.

Single cell dissociation of organoids for ATAC-seq and scRNA-segq—Mouse
organoids were cultured and treated as mentioned above. Primary cultured organoids were
collected by removing Matrigel using cold PBS. Matrigel droplets containing organoids
were disrupted. Organoids were pelleted by centrifugation at 300 g for 3 minutes at 4 °C and
washed with cold PBS. After removing the PBS and Matrigel, organoids were resuspended
in 1 mL pre-warmed (37 °C) TrypLE, and rotated at 37 °C for 15 to 30 minutes until
organoids were dissociated into single cells (confirmed via microscope). Cells were pelleted
at 300 g for 3 minutes at 4 °C, and washed with cold PBS. Cells were passed through SP
Bel-Art Flowmi 40 um cell strainer and collected into a new protein LoBind tube.

30,000 cells were prepared as mentioned above and used for ATAC-seq as described
previously’%:"1 with slight modifications. Briefly, cells were centrifuged at 500 g for 5
minutes at 4°C and resuspended in ice-cold lysis buffer (10 mM Tris, pH 7.4, 10 mM NacCl,
3 mM MgCl,, and 0.1% NP-40). Cells were then centrifuged at 500 g for 10 minutes at
4°C. The isolated nuclear pellets were incubated with a 50 pl reaction of Tn5 Transposase
(Illumina Tagment DNA Enzyme and Buffer Large Kit 20034198) for 30 minutes at 37°C.
The transposed chromatin was purified with MinElute PCR purification kit (QIAGEN REF
28004), and PCR was amplified with high-fidelity 2x PCR Master Mix (New England
Biolabs M0541). One-third of the maximum fluorescent intensity during a gPCR trial run
was used to determine the additional cycles for library prep. The PCR amplified libraries
were purified and sent to Novogene America for sequencing.

Cells used for scRNA-seq were prepared according to PIPseq Milli 3 Single Cell Capture
and Lysis User Guide. Briefly, a cell suspension at a concentration of 1000 live cells/uL
was prepared in Cell Suspension Buffer provided from the PIPseq™ T2 3’ Single Cell
Capture and Lysis Kit (v2.1, Fluent BioSciences). 5000 cells (total 5 pL) were added into
Pre-templated Instant Partitions (PIPs). Stable emulsions carrying captured mRNA were
sent to Fluent Biosciences for downstream processing. A visual inspection was performed
at sample receipt to assess the emulsion quality before initiating downstream sample
processing. Satisfactory samples were carried through mRNA isolation, cDNA generation,
cDNA amplifications, sequencing ready library preparation, library pooling, and sequencing
according to the PIPseq™ T2 Single Cell Sequencing Kit (v2.1) specifications. cDNA and
library quality were assessed by using ThermoFisher Qubit 4 Fluorometer and Agilent
4200 TapeStation System. cDNA libraries were sequenced on an Illumina NextSeq 2000
instrument to a minimum sequencing depth of 50,000 reads per cell.

Fluorescence-Activated Cell Sorting (FACS) for scRNA-seq—Crypts were isolated
from proximal half of small intestine of Mki67tm1.1Cle/J mice after 56 hours post-
irradiation and their non-IR littermate control, as described in the previous section. 100-um
cell strainer was used in IR samples, as crypts were expanded during regeneration after IR.
Crypts were pelleted by centrifugation at 300 g for 3 minutes at 4 °C and then washed
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with cold PBS. To dissociate single cells for FACS, isolated crypts were further rotated with
5U/ml dispase (Stem Cell 07913) and 200 U/ml of DNase | (Sigma D4513) at 37 °C for

30 minutes, and were then washed twice with 1% BSA/PBS, and filtered with a 40-ym

cell strainer. Cells were prepared in 1% BSA/PBS with 200 U/ml of Dnase | for sorting.
Ki67-RFP* DAPI™ cells from mice 56 hours post-IR and non-IR condition were detected
and sorted with Beckman Coulter Astrios EQ High Speed Cell Sorter, respectively. Dead
cells were eliminated using 0.5 pg/ml DAPI. Kaluza analysis 2.1.3 software was used for
FACS data analysis (Table S3). Total 5500 cells were sorted and concentrated into 5 L for
initiating the PIPseq pipeline (PIPseq™ T2 3’ Single Cell Capture and Lysis Kit v2.1, Fluent
BioSciences). Cells were captured and lysed according to the manufacturer’s instructions.
Samples were sent to Fluent BioSciences for downstream processing as described above.

Isolation of intestinal macrophages—Intestinal macrophages were isolated from
C57BL/6J control mice or mice at 3 days post-IR. Intestine was flushed with cold PBS,
opened longitudinally and cut into 2 cm pieces. Pieces of tissue were rotated in pre-warmed
10% FBS, 10 mM HEPES, 5 mM EDTA in HBSS for 10 minutes, three times at 37 °C to
remove epithelium. Tissues were vortexed lightly after each time point. Tissues were washed
with 2% FBS, 10 mM HEPES in HBSS twice, followed by an HBSS wash, and then gently
minced with scissors and placed into pre-warmed 1% penicillin/streptomycin, 10% FBS,
15 mM HEPES, 1 mg/ml Collagenase D (Roche 11088858001) and 0.35 mg/ml Dnase |
(Sigma D4513) mixed in RPMI-1640. Tissues were rotated for 30 minutes at 37 °C, and
vortexed lightly every 10 minutes. Following digestion, cells were passed through a 70-um
cell strainer and spun down at 300 g for 5 minutes at 4 °C.

Cells were passed through a 40-um cell strainer, counted, and then spun down at 300g for

5 minutes. Cells were resuspended in 180 ul of magnetic-activated cell sorting (MACS)
buffer (0.5% BSA and 2 mM EDTA in PBS), and 20 ul of Anti-F4/80" Microbeads
UltraPure (Miltenyi Biotec 130-110-443) was added to the mixture. Cells were incubated
for 15 minutes at 4 °C, washed with 2 ml of MACS buffer post incubation, centrifuged at
300 g for minutes, and then resuspended in 500 ul of MACS buffer before placing over
columns. MS columns (Miltenyi Biotec 130-042-201) were used for cell separation, and
were washed with 500 ul of MACS buffer prior to applying cell suspension onto the column.
MACS columns were then washed three times with 500 ul of MACS buffer, then removed
from the OctoMACS (Miltenyi Biotec 130-042-109) separator. 1 ml of MACS buffer was
applied onto the column, and cells complexed with F4/80* beads were plunged into a
collection tube. Cells were diluted in macrophage media, consisting of 2mM GlutaMAX, 20
mM HEPES, 100 U/ml penicillin/streptomycin, 1 mM Sodium Pyruvate and 10% FBS in
RPMI-1640, and counted. Primary macrophages were used for co-culture experiments.

Co-culture of intestinal macrophages and organoids—Primary organoids were
taken at 4 days post initial seeding, and gently resuspended into cold PBS. Organoids
were then spun down at 300 g for 5 minutes at 4 °C. Organoid pellets were resuspended
into Cultrex matrix, and primary intestinal macrophages eluted from MACS columns were
added to the mixture and plated onto plates for co-culture in 25 ul bubbles (around

5x104 macrophages per co-culture organoid bubble). For reference, organoids were grown
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in organoid medium as described in the previous section. Organoids were also grown

in macrophage media as a second reference point, yielding similar results. Media for

the co-cultures was changed every day. After 2 days in co-culture, matrix bubbles were
resuspended in cold PBS and allowed to sit on ice for 7-10 minutes. This allowed separation
of organoids from macrophages, with organoids collecting at the bottom of the tube and
macrophages remaining in the supernatant. Organoid pellets were resuspended in 1 ml Trizol
and further processed for RNA extraction.

Isolation and culture of intestinal mesenchymal cells—Mesenchymal cells were
isolated from proximal half of small intestine from C57BL/6 or PDGFRa-H2B-EGFP mice
as previously described?® with slight modifications. Freshly harvested intestine was flushed
with cold PBS, opened longitudinally, cut into 2 cm pieces, and then rotated in 30 mL
pre-digestion buffer (pre-warmed, HBSS containing 10% FBS, 10 mM HEPES and 5 mM
EDTA) at 37°C for 20 minutes twice (refresh pre-digestion buffer every time). After washing
tissues in wash buffer (HBSS containing 2% FBS, 10 mM HEPES), the tissues were further
transferred into 20 mL of pre-warmed digestion buffer (RPMI medium containing 10% FBS,
1% P/S, 15 mM HEPES, 25 U/mL of collagenase IV (Worthington LS004186), 100 U/ml of
Dnase | (Sigma D4513), 0.3 g/100 mL of Dispase Il (Gibco 17105041)) and rotated at 37°C
for 30 minutes. After vortexing the cell solution intensely for 20 sec every 10 minutes, the
cell solution was passed through a 40 um cell strainer. Cells were pelleted by centrifugation
at 400 g for 5 minutes at 4 °C and then resuspended in RPMI medium containing 10%

FBS. Remaining tissues were incubated with 20 mL of fresh digestion buffer, and the

above steps were repeated. Cells were combined, seeded at a desired density (see below),
and cultured in Advanced DMEM/F12 (Gibco 12634-010) medium, containing 10% FBS
(Gibco 26140-095), 1% penicillin and streptomycin (Invitrogen 15140-122), 1% HEPES
(Gibco 15630-080) and 1% Glutamax (Gibco 35050-061).

Co-culture of intestinal mesenchymal cells and organoids—To set up a co-culture
system, 3 intact 25ul Matrigel droplets were gently taken out from a cultured primary
organoid plate 3 days after seeding. These Matrigel droplets containing organoids were
transferred and floated above the cultured mesenchyme for 2 days. Co-cultured organoids
were then collected for RNA extraction. Primary or passaged mesenchymal cells were
cultured in 12-well plates. Primary mesenchymal cells isolated from IR and non-IR
C57BL/6 mice were seeded at three densities, including 4x10° cells, 106 cells, 2x108 cells.
The cultures were refreshed at Day 3 to remove any debris. Co-culture was initiated on Day
4. For passaged mesenchymal cells, cells were seeded at two densities, including 10° cells
and 2.5x10° cells. These cells were pre-treated with vehicle, TGFB1 or TGFBR inhibitors
for 3 days, starting at Day 1 after seeding. After TGFB1 was removed and cells were washed
extensively, these pre-treated mesenchymal cells were then used for co-culture. The detailed
schematics of co-culture experiments are shown in Figure 5D and Figure S5C.

RNA extraction, bulk RNA-seq, and quantitative reverse transcription
polymerase chain reaction (QRT-PCR)—For tissues, 2 cm of mouse duodenum was
homogenized in Trizol (Invitrogen 15596018), and processed for RNA extraction according
to the manufacturer’s instructions. For cultured organoids or mesenchymal cells, QIAGEN
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RNeasy Micro Kit was used to extract RNA according to the manufacturer’s instructions.
For bulk RNA-seq, RNA samples were prepared and sent to BGl Americas. For gRT-PCR,
cDNA was synthesized from total RNA with Oligo(dT)20 primers using SuperScript 111
First-Strand Synthesis SuperMix (Invitrogen 18080-400). qRT-PCR analysis was performed
using gene-specific primers and SYBR Green PCR Master Mix (Applied Biosystems,
4309155). The sequences of the primers used are available upon request. The 2-2ACt method
was applied to calculate the fold change of relative transcript levels, and Hprtwas used for
normalization.

Protein extraction and western blot—2 cm of mouse duodenum was homogenized in
RIPA buffer (50 mM Tris-HCI pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% Na-deoxycholate,
0.1% SDS, protease inhibitor cocktails, and phosphatase inhibitors) and rotated at 4°C

for 30 min for protein extraction. Protein concentration was determined by Pierce BCA
Protein Assay Kit (Thermo). Immunodetection was performed using specific antibodies
against p-SMAD3 (Cell signaling 9520, 1:1000), p-SMAD2/3 (Cell signaling 8828, 1:1000),
SMAD2/3 (Cell signaling 8685, 1:1000), and p-actin (Abcam ab8227, 1:5000). The
intensity of signal was quantified by ImageJ.

Membrane-based antibody arrays—Protein lysates were extracted from 2 cm of
duodenal fragment of mice after 3 days of irradiation, and non-IR mice were used as
controls. The protein lysates (200 ug) were applied to Mouse Growth Factor Array C3
(RayBiotech, CODE: AAM-GF-3-4) according to the manufacturer’s instructions. Each
growth factor was represented in duplicate on the membrane. Two independent experiments
were performed to evaluate the expression level of various growth factors. The intensity of
signal was quantified by ImageJ. The positive control was used to normalize the results from
different membranes being compared.

ELISA of TGFB1—Protein lysates were extracted from 1) 2 cm of duodenal tissues of
mice after 3 days of irradiation, and non-IR mice were used as controls; 2) 2 cm of duodenal
tissues of mice with clodronate liposomes, and mice treated with control liposomes were
used as controls. Blood was collected from abdominal aorta of experimental mice mentioned
above with heparinized syringes. Blood samples were centrifuged at 1500g for 15 minutes
at 4 °C and the supernatant was collected as the plasma. To detect the relative abundance

of TGFBL1 in the intestine tissues and plasma, the protein lysates or plasma were applied

to Mouse TGF beta 1 ELISA Kit (ab119557, abcam) according to the manufacturer’s
instructions.

RNAscope in situ hybridization and immunofluorescence—RNA localization was
performed according to the RNAscope Multiplex Fluorescent Reagent Kit v2 Assay (ACD
323110) as previously described.”? Briefly, mouse intestines were linearized and twisted into
a swiss roll and prepared by 24-hour fixation in 10% normal buffered formalin at room
temperature followed by dehydration through a methanol series and rehydration to 70%
ethanol before paraffin infusion. Paraffin sections were cut at 5 um, baked for one hour at
60°C, deparaffinized and then pretreated with hydrogen peroxide (ACD kit) for 10 minutes,
antigen retrieval (ACD 322000) for 15 minutes and protease plus treatment (ACD kit) for
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30 minutes. Probes were Mm-Tgfbl (407751) and Mm-Tgfbr2-C2 (406241-C2) diluted
1:50 into the channel 1 probe. TSA fluorophores were diluted in multiplex TSA buffer
(ACD 322809) Cy5 (Akoya TB-000203) at 1:2000, Cy3 (Akoya TB-000202) diluted 1:2500
and OPAL-488 (Perkin EImer FP1168) at 1:2000. Following RNAscope, sections were
co-stained with rabbit anti-F4/80 (Cell Signaling 70076, 1:100) and mouse-anti-Ecadherin
(BD Transduction Labs 610181 1:500). Secondary antibodies were anti-Rabbit-750 (Sigma
SAB4600373) and anti-Mouse-594 (Jackson ImmunoLabs 715-585-150) both diluted at
1:500. Slides were mounted with Prolong Gold and imaged on an Olympus FV3000
confocal microscope.

Organoid transplantation, imaging and quantification—Colitis was induced in
NOD SCID female mice by administration of 3.5% Dextran sulfate sodium salt (DSS,
Affymetrix J14489) in drinking water for 7 days followed by normal water for 3 days.
Transplantation was performed 10 days after DSS initiation. The procedure was performed
as previously described!2:34 with slight modifications. Donor crypts from C57BL/6, ACTB-
EGFP or ROSA26mT/mG (ACTB-tdTomato) mice were isolated from proximal half of
small intestine and cultured in Cultrex® reduced growth factor basement membrane matrix,
Type R1 (Trevigen) according to established methods.23 On Day 4 of primary culture, 2
ng/ml TGFBL1 or vehicle was added into culture medium and removed 24 hours later. On
Day 7 of primary culture, organoids were collected by removing Matrigel using cold PBS.
For comparison of mice with transplantation of vehicle-treated organoids or TGFB1-treated
C57 organoids, approximately 600 organoids were suspended in 50 pl of 5% Matrigel in
PBS for transplantation of each mouse. Sham surgery controls were also included in this
comparison, which have the same procedures but without organoids in the 50 pl of 5%
Matrigel in PBS for transplantation. For the competition assay, to minimize variations,
vehicle- and TGFB1-treated organoids were 1:1 mixed as follows and transferred to the
same mouse: vehicle-treated organoids expressing RFP (ACTB-tdTomato) were mixed

with TGFB1-treated organoids expressing GFP (ACTB-EGFP); or vehicle-treated organoids
expressing GFP (ACTB-EGFP) was mixed with TGFB1-treated organoids expressing RFP
(ACTB-tdTomato). In this competitive assay of repair of intestinal injury, approximately 600
organoids were suspended in 50 pl of 5% Matrigel in PBS for transplantation of each mouse.

Immune compromised NOD SCID female mice were anesthetized with isoflurane, and their
colons were flushed using a gentle sterile PBS enema, followed by gentle massage of the
abdomen to expel enema fluid and colon contents. The cell suspension mix of organoids
was subsequently infused into the colonic lumen. The anus was sealed with surgical skin
glue, which was removed after 6 hours. For the competitive colonization assay, colon tissues
were collected after 9 days of organoid colonization. Colons were washed with PBS, opened
longitudinally and pinned on a wax plate. After soaking in 4% paraformaldehyde for 10
minutes, swiss rolls were made for these colon tissues, and fixed for 2 hours with 10 ml

of 4% paraformaldehyde at 4°C, and then washed with PBS. For cryo-embedding, tissues
were then processed with 15% sucrose for 1 hour and 30% sucrose overnight at 4°C prior

to freezing in OCT compound. The whole cryo block from each mouse was processed

with sequential 100 pm-thick cryosections, 80—-100 sections per mouse. These sequential
cryosections were imaged for GFP or RFP colonized regions of organoids under a Zeiss
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Observer Z1 microscope. ImageJ was used to quantify the organoid colonized areas from
each grafts observed. For comparison of mouse histopathology following DSS treatment,
transplantation of vehicle-treated organoids or TGFB1-treated organoids or sham controls
were conducted as above. Colon tissues were collected 4 days after organoid transplantation.
The colon lengths were measured and H&E staining was used to evaluate the regeneration/
recovery of each mouse.

Bioinformatics—For RNA-seq, raw sequencing reads (fastq) were first quality checked
using fastQC (v0.11.3) and were further aligned to mouse (mm9) genomes using Tophat2
(v2.1.0) to generate bam files. Cuffquant (v2.2.1) was used to generate cxb files from

bam files. Cuffnorm (v2.2.1) was performed to calculate FPKM values using quartile
normalization. Cuffdiff (v2.2.1) was applied to identify differentially expressed genes
between groups using quartile normalization and per-condition dispersion. Gene set
enrichment analysis (GSEA v4.0.3)73 was performed as described, and the gene signature
lists used in this study were shown in Table S4. Heatmapper 74 was used to display relative
transcript levels of genes of interest by using normalized FPKM values from Cuffnorm.

For scRNA-seq of organoid samples, prior to processing, a mouse STAR reference was
generated using a mouse genome FASTA build from the Ensembl 102 release and GTF
annotations from GENCODE (GRCm39 vM29 2022.04) using STAR’s genomeGenerate
function. BCLs derived from Illumina sequencing of PIPseq samples were demultiplexed
and output in FASTQ format using BCL-convert v4.0.3. Barcode whitelisting and error
correction were performed using PIPseeker v0.55. Reads passing this stage were then
aligned to the mouse reference genome using STARsolo (STAR v2.7.10a). An aligned,
sorted BAM file was generated by STAR, which included required information for

RNA velocity analysis. Cell calling was performed using PIPseeker’s transcript-count
thresholding approach and sensitivity 3 was chosen for all samples, which most closely
targeted the first inflection point after the knee point on the barcode-rank plot. For sorted
Ki67-RFP* DAPI™ cells, samples were processed in the same way, but using salmon v1.46
instead of STAR. A reference genome was first built from the same sources as above using
the salmon index command with a 19-bp k-mer size. The cell barcodes files from the filtered
matrix, corresponding to the cell fraction, were then processed with Scanpy v1.9.1.7> RNA
velocity was analyzed by Velocyto 0.17.76

For ATAC-seq, paired-end ATAC-seq fastq file was quality checked using fastQC. ATAC-seq
adapter sequences were removed from each read file using CutAdapt (v1.9.1).”7 Each read
file was then aligned to the mouse mm9 genome using bowtie2. Picard (v2.18.27) was

used to determine the median alignment size of each alignment bam file. Peak region

bed files were called from each alignment bam file using MACS2 (v2.1.0). MACS2 was
run with a “shift” distance of —0.5 times the median alignment size and an “extsize”
distance equal to the median alignment size for each alignment bed file. The peak files
were filtered against ENCODE blacklist, which is known to yield false ChlP-seq signals
due to the inaccuracies of a particular genome assembly.’® BEDtools’® was used to subtract
the sites on the ENCODE blacklist. DiffBind (v2.4.7)80 was used to identify differential
signals of ATAC-seq between vehicle- or TGFB1-treated organoids, and FDR < 0.01 was
used as the cutoff for significance. Haystack (v0.4.0)81 quantile normalized bigwigs were
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used to plot heatmaps using computeMatrix and plotHeatmap from deeptools (v2.4.2)82.
SitePro (v1.0.2)83 was used to visualize the average signals of ATAC-seq in the desired
genomic regions. Homer findMotifsGenome.pl (v4.8.3, homer de novo Results)®* was used
to identify transcription factor motifs enriched at peaks. The Integrative Genomics Viewer
(IGV 2.4.13)8 was used to visualize ATAC-seq bigwig tracks.

For ChIP-seq, FastQC (v0.11.3) was used to check the quality of raw sequencing reads
(fastq), and bowtie2 (v2.2.6) was used to align the sequences to mouse (mm9) genomes and
generate bam files. Model-based Analysis of ChIP-Seq8 (MACS 1.4.1) was used for peak
calling and to generate bed files from aligned reads. The shiftsize parameter used in MACS
was based on the fragment size of Pippin Prep library size selection. SMAD4 ChlIP-seq

of mouse duodenal epithelium are at a MACS p-value of 107, IGV 2.4.1385 was used to
visualize ChIP-seq bigwig tracks.

QUANTIFICATION AND STATISTICAL ANALYSIS

The data is presented as mean + SEM, and statistical comparisons were performed

using one-way ANOVA followed by Dunnett’s post test or Tukey’s multiple comparisons
test with the GraphPad Prism version 8.0.2 or Student’s t-test at £< 0.001***, P<
0.01** or < 0.05*. Other bioinformatics related statistical analysis was completed with
the embedded statistics in each package, including MACS or MACS2,86 HOMER, 8
DiffBind,80 Cuffdiff,87 GSEA73:88 and Scanpy.”® P< 0.05 (95% confidence interval) was
considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. TGFBL1 signaling is required for epithelial regeneration following irradiation.
. TGFBL1 promotes fetal reversion in intestinal organoid cultures.
. TGFB1 induces a YAP-SOX9 regenerative circuit.
. TGFB1-pretreated organoids enhance engraftment efficiency into damaged

colon.
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Figure 1. Crypt regeneration mainly starts 3 days after irradiation.
(A) Demonstration of intestinal regeneration following 12 Gy of irradiation of mice. Crypt

cells are lost by 2 days post-irradiation (12 Gy) but restoration begins at Day 3 after
irradiation, when highly proliferative regenerative clusters of cells expand, as evidenced
by H&E staining and immunohistochemistry staining of stem/proliferative markers (brown
color) including Ki67, OLFM4 and CD44 (representative of 3 biological replicates). (B)
Immunostaining of BrdU (proliferative marker, brown color; representative of 3 biological
replicates). Mice were injected with 1 mg of BrdU at Day 2 post-irradiation. Intestinal
tissues were harvested after 2, 4, 6, 8, 10 and 24 hours of BrdU injection. (C) Heatmap
depicts transcript levels of fetal/regenerative marker genes and regenerative stem cell-
associated genes that are highly expressed at Day 3 post-irradiation (GSE165157,16 RNA-
seq, n=2 biological replicates per time-point). (D) GSEA confirms that gene signatures

of regenerative epithelium, fetal spheroid and revival stem cells®1217 are elevated at Day
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3 post-irradiation (GSE165157,16 crypt cells, n=2 biological replicates per time-course,
Kolmogorov-Smirnov test, < 0.001). See expanded panel in Figure S1E. (E) sScCRNA-seq
reveals that fetal/regenerative transcripts are elevated in irradiated crypt cells after 3 days
of irradiation. Cell numbers per condition (GSE1177838) for irradiated crypt cells: n=4252
and normal crypt cells: n=4328. (F) Immunostaining of Ki67 after 56 hours of irradiation vs.
non-irradiation (proliferative marker, brown color; representative of 3 biological replicates).
(G) scRNA-seq reveals that fetal/regenerative and reserve stem cell transcripts are elevated
in sorted Ki67-RFP positive cells after 56 hours of irradiation. Number of cells in each
condition was Non-IR Ki67-RFP positive cells: n=1739; IR 56h Ki67-RFP positive cells
replicate 1: n=677; IR 56h Ki67-RFP positive cells replicate 2: n=669. Ki67-RFP positive
cells were isolated and sorted from crypt cells of Mki67tm1.1Cle/Jmice after 56 hours of
IR vs. non-IR control. IR: irradiation; Non-IR: non-irradiation (normal control). Also see
Figure S1F-H.
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Figure 2. TGFBL1 is highly enriched in Day 3 irradiated mouse intestine, and monocytes/
macrophages are likely the main cell source of TGFB1.

(A-C) Tgfbl transcript is notably enriched in the intestine at 3 days post-irradiation.

(A) Dot plots of scRNA-seq data following mouse irradiation at days 0, 1, 3, and 7:
GSE165318, duodenum/jejunum boundary, n=3-4 biological replicates per time point)
indicate that among secreted regulators of the TGF/BMP/WNT signaling pathways,
transcripts corresponding to 7gfb1 are the most upregulated during regeneration of the
gut (red box) and overlap expression of epithelial regenerative markers C/uand Lyé6a.

(B) Elevated 7gfb1 transcript levels are observed at days 2 to 3 post-irradiation. The
gRT-PCR data are presented as mean = SEM (n=3 biological replicates, whole duodenal
fragments). Transcript levels are relative to Day 0 (before IR), statistical comparisons were
performed using one-way ANOVA followed by Dunnett’s post at A< 0.01** or £< 0.05*,
See schematic of experimental design in Figure S2A. (C-F) TGFB1 protein levels are
elevated in the intestine at Day 3 post-irradiation. (C) Membrane-based antibody arrays:
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n=2 independent experiments, 2 technical replicates per membrane (See full blots in Figure
S2B). (D) ELISA to measure TGFB1: Data are presented as mean + SEM (n=3-4 biological
replicates, duodenal fragments, Student’s t-test at £< 0.05*). (E) UMAP projection of all
cells identifies a cell cluster expressing highest levels of 7gfb1, and these Tgfb1-expressing
cells co-express markers of monocytes/macrophages. Cells per time point: DO: n=4415; D1:
n=2995; D3: n=7368; D7: n=3783; D14: n=2220 (GSE165318). (F) gRT-PCR corroborates
elevation of transcript levels of monocyte/macrophage marker genes at 3 days post-IR. All
gRT-PCR data are presented as mean + SEM (n=3 biological replicates, duodenal fragments,
Student’s t-test at A< 0.05%). (G) Tissues from mice at different days post-12 Gy irradiation
were probed for the monocyte/macrophage marker F4/80 using immunohistochemistry.

An increase in F4/80 cells (brown color) occurs when the tissue begins to heal at 2

days post-IR (representative of 3 biological replicates, see quantification in Figure S2lI).

(H) RNAscope localized Tgfb1 transcripts relative to immunostaining signal from ECAD
(epithelial marker) and F4/80 (representative of 3 biological replicates). Co-stains reveal that
F4/80-marked macrophages are associated with damaged crypt epithelium at day 3 post-IR
and overlap with regions of elevated levels of 7gfb1, suggesting that monocyte/macrophages
are recruited to the damaged tissue and produce TGFBL.
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Figure 3. TGFB pathway is required for epithelial regeneration in the intestine after irradiation.
(A) gRT-PCR analysis indicates that transcript levels of stem cell marker genes, tissue

regeneration marker genes and 7gfbr2are dynamic in during intestinal regeneration post-
irradiation. The gRT-PCR data are presented as mean £ SEM (n=3 biological replicates,
duodenal fragments). Transcript levels relative to Day 0 before irradiation. Statistical
comparisons were performed using one-way ANOVA followed by Dunnett’s post at P <
0.001*** P< 0.01** or P< 0.05*. (B) scRNA-seq of mouse intestines across a time-course
post-irradiation (GSE165318). Of all the epithelial cells in the dataset (marked by Epcam
expression), there is a strong correlation between 7gfbr2-expressing cells and the subset
of epithelial cells expressing regenerative markers (Ly6aand Clu, see expanded panel in
Figure S3A). (C) Dot plots of epithelial cells from the same dataset reveal that 7gfbr2

is highly enriched at Day 3 post-irradiation and correlated with fetal/regenerative gene
profiling. Hprtand Ap2m1 were used as reference genes. (D) RNAscope reveals elevated
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Tgfbr2transcripts in the Day 3 irradiated intestine (representative of 3 biological replicates).
ECAD: epithelial marker. (E) An independent sScRNA-seq (GSE145866 21) dataset also
reveals that transcripts related to TGFB pathway and fetal/regenerative genes are elevated

at Day 3 post-irradiation in sorted Msil-GFP positive cells (irradiation-resistant) and their
progeny cells. Msi1-CreERTZ; R26-mTmG mice were treated with tamoxifen for 15 hours
and then used as controls or further irradiation for 1, 2, 3, and 5 days. Number of cells

in each condition was Msil_H15h: n=2281; Msil_IRD1: n=1257; Msil_IRD2: n=1312;
Msil IRD3: n=2989; Msil IRD5: n=1792. (F) Monocytes/Macrophages were depleted
using clodronate-containing liposomes (2 treatments of 200 pl i.p. injections 72 hours pre-
and day of irradiation). Tissues were assessed for regenerative cell clusters using OLFM4
immunostaining. Clodronate-treated samples shows a significant reduction in the number

of OLFM4 positive regenerating cell clusters. Different symbols (circle, diamond and
cruciform) represent biological replicates from three different batches of experiments (n=6-
7 biological replicates, distal duodenum to proximal jejunum, Student’s t-test at £ < 0.01**).
(G) qRT-PCR confirms downregulated transcript levels of monocyte/macrophage marker
genes, 7gfb genes, and regenerative marker genes in the intestine upon clodronate treatment
(n=7-9 biological replicates, duodenal fragments, Student’s t-test at £ < 0.001***, P<
0.01** or < 0.05*). Tissues were collected 3 days post-irradiation. (H) Mice treated with
2 doses of neutralizing antibodies directed against TGFB were less efficient at regenerating
post irradiation compared to control-treated mice, as measured by counting the number

of proliferative foci as marked by OLFM4 immunostaining (n=3-5 biological replicates,
distal duodenum to proximal jejunum, Student’s t-test at 2< 0.05*). IgG or vehicle treated
mice were used as control mice. Tissues were collected 3.5 days post-irradiation. (1) 7gfor2
intestine-specific knockout restricts regeneration after irradiation (n=6 biological replicates,
duodenum, Student’s t-test at < 0.05*). (J) Smad4 intestine-specific knockout restricts
regeneration after irradiation (n=6 biological replicates, Jejunum, Student’s t-test at A<
0.05%). Mice were treated with tamoxifen to inactivate 7gfbr2or Smad4 in the intestinal
epithelium 7 days before 12 Gy of irradiation. Intestine was collected 3 or 3.5 days post-IR
and scored for regenerative foci using OLFM4 immunostaining.
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Figure 4. TGFBL is sufficient to induce fetal/regenerative gene signatures and increase Clu
positive cells in organoid culture.

(A-E) Organoids treated with TGFBL1 for 24 hours acquire a spheroid morphology (see
orange arrows in panel B) and maintain expression of regeneration marker genes for at

least 5 days post-TGFB1 treatment. (A) Schematic for the experiments to score morphology,
counts, and bulk RNA-seq. Primary intestinal organoids were exposed to 4 Gy of irradiation
on Day 4, followed by TGFB1 treatment on Day 6 for 24 hours. Organoids were collected
for bulk RNA-seq on Day 7 and Day 11. (B) Representative images of irradiated organoids
treated with vehicle or TGFB1. (C) Percentage of branching and spherical organoids

upon TGFBL1 treatment. Organoids were counted at Day 11, which is 5 days post-TGFB1
treatment (n=3 independent organoid cultures, Student’s t-test at £< 0.001). (D) Bulk
RNA-seq of intestinal organoids cultured with TGFB1 for 24 hours show strong correlation
with published gene signatures associated with intestinal regeneration post-DSS injury,

fetal spheroid, revival stem cells and YAP signaling,812:13.17.89 a5 measured by GSEA
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(n=3 independent organoid cultures, Kolmogorov-Smirnov test). (E) Heatmaps display
that RNA-seq expression levels of fetal/regenerative genes are highly expressed upon
TGFBL1 treatment compared to the vehicle controls (n=3 independent organoid cultures).
(F) Schematic for the qRT-PCR experimental design. Primary intestinal organoids cultured
from Tgfbr2KO mice (4 days post-tamoxifen) and their littermate WT controls, were exposed
to 4 Gy of irradiation on Day 4, followed by TGFB1 treatment (1 ng/ml) on Day 7 for

24 hours. Organoids were collected on Day 8, Day 10 and Day 12 for gRT-PCR. (G)
gRT-PCR indicates that expression of regeneration marker genes increases within 24 hours
and is sustained for at least 5 days post-TGFB1 treatment in the WT organoids, but not in
the Tgfbr2KC organoids. See more examples in Figure S4A. All the data are presented as
mean + SEM (n=3 independent organoid cultures). Statistical comparisons were performed
using one-way ANOVA followed by Tukey’s multiple comparisons test at < 0.001***,
P<0.01** or P< 0.05* (WT+TGFB1 vs WT); P< 0.001%## P < 0.01%* or P< 0.05%
(Tofor2KO+TGFB1 vs WT+TGFBL1). (H-K) scRNA-seq of organoids post-irradiation and
upon TGFBL1 treatment across time points. (H) Schematic of ScCRNA-seq experimental
design. Primary intestinal organoids were exposed to 4 Gy of irradiation on Day 4, followed
by TGFB1 treatment (1 ng/ml) on Day 7. Organoids were collected for scRNA-seq after 6,
15, and 24 hours of TGFBL1 treatment. Organoids treated with vehicle were used as control.
(1) Dot plots show that TGFB1 activates TGFB pathway and fetal/regenerative genes in a
time-dependent manner. (J) RNA velocity analysis identifies that cells in Lgr5-expressing
clusters are synthesizing new Clutranscripts. (K) UMAP plots indicate that, across time
points, there is a close correlation between Cluand Tgfbr2 expression. Lgr5-expressing
clusters begin to overlap with C/u-expressing cells. Number of cells in each condition was
Vehicle: n=2815; TGFB1 6h: n=4071; TGFB1 15h: n=2788; TGFB1 24h: n=2177.
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Figure 5. TGFB1-treated mesenchyme promotes fetal-like conversion of intestinal organoids.
(A) UMAP indicates Pagfra-positive mesenchymal cells express 7gfbr2. Pdgfra positive

mesenchymal cells were subset from the scRNA-seq data set featured in Figure S2H
(GSE165318). (B-C) TGFB1-induces aggregation of Pdgfra-positive mesenchymal cells in
a dose- and time-dependent manner (n=3 independent experiments, passaged mesenchyme).
(D-F) TGFB1-treated mesenchyme induces fetal-like gene signatures in intestinal organoids
upon co-culture. (D) Schematic of experimental design of co-culture. Passaged intestinal
mesenchyme cells were pre-treated with vehicle, TGFB1 or TGFBR inhibitors for 3

days, and then co-cultured as overlaid matrigel bubbles containing primary organoids

at day 3 post isolation. After 2 days of co-culture, organoids were collected in their

matrix bubbles for qRT-PCR (n=6 independent organoid cultures with 2 different cell
densities of mesenchyme). TGFB1 was removed during co-culture and only used for pre-
treatment. TGFBR inhibitors were either kept (E) or removed (Figure S5E) in co-culture.
(F) Mesenchyme cells pre-treated with vehicle, TGFB1 or TGFBR inhibitors for 3 days
were also collected for qRT-PCR (n=3 independent mesenchyme cultures). (G) Presence

of TGFBR inhibitors suppresses fetal-like conversion of intestinal organoids co-cultured
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with mesenchyme isolated from mice 3 days post-irradiation (n=6 independent organoid
cultures with 2 different cell lines of mesenchyme). All the gRT-PCR data are presented

as mean + SEM. Transcript levels relative to vehicle control, and statistical comparisons
were performed using one-way ANOVA followed by Dunnett’s post at £< 0.001***, P<
0.01** or P< 0.05*. (H-J) Tgfbr2knockout via UBC-CreFRT2 restricts regeneration after
irradiation. 5-week old mice were treated with tamoxifen to inactivate 7gfbr2in the whole
body. Intestine was collected 3 days post-IR and scored for regenerative foci using OLFM4
immunostaining (n=4-5 biological replicates, duodenum, Student’s t-test at £< 0.001***).
(H) Schematic of experimental design. (I) Representative images. (J) Quantification.
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Figure 6. YAP-SOXO9 circuit responds to TGFB1-induced open chromatin and epithelial

regeneration in the intestine.

(A) TGFB1-induced accessible chromatin identified using ATAC-seq Day 11 TGFB1-treated
vs. vehicle-treated organoids (Diffbind FDR < 0.01, n=3 independent cultures). The
experimental design is the same as for bulk RNA-seq and shown in Figure 4A. (B) Examples
of genes harboring TGFB1-induced open chromatin visualized using IGV. (C) HOMER

de novo DNA-motif enrichment analysis of ATAC-seq regions (Diffbind FDR < 0.01)

shows that SOX, TCF, RUNX, TEAD and SMAD binding sequences are more prevalent in
accessible regions of TGFB1-treated organoids, whereas GATA, KLF and HNF4 binding
sequences are more prevalent in accessible regions of vehicle-treated organoids. N.D.: Not
Detectable. (D) Immunofluorescence staining of YAP and SOX9 across a time course
post-irradiation (representative of 3 biological replicates). Dot plots (E) and UMAP (F)
reveal that YAP-related gene signatures and Sox9are elevated during regeneration post-
irradiation, as evidenced by scRNA-seq (subset of intestinal epithelial cells, GSE165318).

Cell Stem Cell. Author manuscript; available in PMC 2024 November 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 39

(G) scRNA-seq dot plots reveal that YAP related gene signatures and Sox9are also elevated
in sorted Ki67-RFP positive cells after 56 hours of irradiation. (H) scRNA-seq UMAP
reveals that 7gfbr2-positive cells express Sox9in sorted Ki67-RFP positive cells after

56 hours of irradiation. (1) Depletion of monocytes/macrophages (main cell sources of
TGFB1 secretion) results in a downregulation of SOX9, as evidenced by immunostaining
(representative of 3 biological replicates). (J-L) gRT-PCR indicates that TGFB1 induces
expression of YAP related genes (Ptgs2and Wnt53) and Sox9in WT organoids, and these
effects are blocked in 7g/r2€C or TGFBR inhibitor-treated organoids. All the gRT-PCR
data are presented as mean = SEM (n=3 independent organoid cultures). Transcript levels
are relative to WT, and statistical comparisons were performed using one-way ANOVA
followed by Dunnett’s post at < 0.001***, £< 0.01** or < 0.05*. (M) Dot plots show
that TGFBL1 activates YAP related gene signatures and Sox9in a time-dependent manner
(see experimental design in Figure 4H). (N) ChlIP-seq shows that SMADA4 binds to gene
loci of Sox9and Ctgfin mouse intestinal epithelium (GSE112946 33). (O-Q) Loss of Sox9
blocked the induction of fetal/regenerative phenotypes induced by TGFB1 in organoids.
(O) Schematic of experimental design. (P) qRT-PCR of fetal/regenerative markers. (Q)
Percentage of spherical organoids upon TGFB1 treatment. Organoids were counted and
collected for RNA extraction at Day 7, which is 3 days post-TGFB1 treatment. All the data
are presented as mean + SEM (n=4 independent organoid cultures). Statistical comparisons
were performed using one-way ANOVA followed by Tukey’s multiple comparisons test at
P<0.001*** P<0.01** or P< 0.05* (WT+TGFB1 vs WT); P< 0.001%# P<0.01# or
P<0.05" (Sox9O+TGFB1 vs WT+TGFB1). (R) Loss of Sox9restricts regeneration after
irradiation, as evidenced by OLFM4 immunostaining. Mice were treated with tamoxifen to
inactivate Sox9in the intestinal epithelium 7 days before 12 Gy of irradiation. Intestine was
collected 3.5 days post-IR (representative of 3 biological replicates).
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Figure 7. Transplantation of TGFB1-treated organoids enhances engraftment into DSS-treated
mice.

(A) Gene signatures of regenerative epithelium, fetal spheroids, revival stem cells and
YAP signaling®12:13.17.89 gre each elevated post-TGFB1 treatment, as assayed by GSEA
in non-irradiated conditions (n=3 independent organoid cultures, Kolmogorov-Smirnov test,
P<0.001). (B) Heatmaps display that RNA-seq expression levels of fetal/regenerative
genes are highly expressed upon TGFB1 treatment compared to the vehicle controls (n=3
independent organoid cultures). Schematic of experimental design for bulk RNA-seq for
panels A-B is depicted in Figure S7A. (C) For non-IR organoids, to deplete 7gfbr2, the
primary organoids were treated with 1 pM tamoxifen for 12 hours on Day 3, followed
with TGFB1 (2 ng/ml) treatment on Day 6. Organoids were collected 24 hours after
TGFB1 treatment. All the data are presented as mean + SEM (n=3 independent organoid
cultures). Statistical comparisons were performed using one-way ANOVA followed by
Tukey’s multiple comparisons test at £< 0.001***, £< 0.01** or P< 0.05* (WT+TGFB1
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vs WT); P<0.001%## P<0.01% or P< 0.05% (Tgfor2KO+TGFB1 vs WT+TGFB1). (D)
GSEA reveals that genes upregulated or downregulated upon TGFB1 treatment strongly
correlate with transcriptional changes in Ki67-RFP cells from the intestine of mice with
irradiation vs. non-irradiation, respectively, as described in Figure 1 (Kolmogorov-Smirnov
test, £< 0.001, n=3 independent organoid cultures). (E) Experimental design for organoid
transplantation assay, to determine the ability of TGFB1 to prime organoids in culture
prior to transplantation for engrafting into damaged colonic tissue. Transgenic organoid
lines were used to later help visualize transplants. Organoids were treated with either
vehicle or with TGFBL1 to induce regenerative properties. To induce epithelial damage in
the mouse intestine, 3.5% DSS was prepared in drinking water and fed to NOD mice

for 7 days. After a period of water recovery, the treated and control organoids were

mixed 1:1 and used for enema-based transplant. Either vehicle-treated organoids with

RFP were mixed with TGFB1-treated organoids with GFP; or vehicle-treated organoids
with GFP were mixed with TGFB1-treated organoids with RFP. Organoid mixtures were
transferred into DSS-treated mice on Day 10. Colon tissues were collected on Day 19, and
cryosections were prepared for checking GFP or RFP under fluorescence microscope. (F)
Representative images of organoids used for transplantation. (G-1) Representative images
and quantification of transplant efficiency upon TGFB1 pre-treatment. (G) Fluorescent
micrographs demonstrating transgenic organoid grafts into mice. (H) The size of grafts
observed. (1) The average area of organoid grafts per mouse. Color indicates whether
transplanted organoids derived from red or green fluorescent lines. Symbol type represents a
single mouse used in the competition assay (n=21 grafts from 5 mice, Student’s t-test at P <
0.001*** or P< 0.05%).
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Ki67 antibody Abcam Cat#: ab16667, RRID:AB_302459
Anti-OLFM4 antibody Cell Signaling Cat#: 39141, RRID:AB_2650511

Anti-CD44 antibody

BD Biosciences

Cat#: 558739, RRID:AB_397098

Anti-BrdU antibody Bio-Rad Cat#: MCA2060, RRID:AB_323427
Anti-F4/80 antibody Cell Signaling Cat#: 70076, RRID:AB_2799771
Anti-SOX9 antibody Cell Signaling Cat#: 82630, RRID:AB_2665492
Anti-YAP antibody Cell Signaling Cat#: 4912, RRID:AB_2218911
Anti-p-SMAD3 antibody Cell Signaling Cat#: 9520, RRID:AB_2193207
Anti-p-SMAD2/3 antibody Cell Signaling Cat#: 8828, RRID:AB_2631089
Anti-p-actin antibody Abcam Cat#: ab8227, RRID:AB_2305186

Anti-Ecadherin antibody

BD Transduction Labs

Cat#: 610181

Anti-Rabbit-750

Sigma Aldrich

Cat#: SAB4600373

Anti-Mouse-594

Jackson Immuno Labs

Cat#: 715-585-150

TGF beta-1,2,3 Monoclonal Antibody (1D11)

Invitrogen

Cat#: MA5-23795, AB_2609812

Mouse 1gG1 Isotype Control

R&D

Cat#: MAB002, RRID:AB_357344

Biological samples

Human duodenal organoid lines Michigan Translational Tissue N/A
Modeling Laboratory
Chemicals, peptides, and recombinant proteins
DAPI Biotium 40043
Tamoxifen Sigma-Aldrich T5648
Human TGF-B1 Peprotech 100-21
OCT compound Tissue-Tek 4583
Hematoxylin VWR 95057-858
Eosin Sigma Aldrich HT110180
SB525334 Selleckchem S1476
A83-01 Tocris 2939
Trizol Invitrogen 15596018
SYBR Green PCR Master Mix Applied Biosystems 4309155
Dextran Sulfate sodium salt (DSS) Affymetrix J14489
Cultrex reduced growth factor basement membrane R&D 3433-010-R1
matrix, Type R1
Corning Matrigel Corning 356231
Y-27632 2HCI Selleckchem S1049 5mg
CHIR99021 Axon Medchem 1386
Murine Noggin Peprotech 250-38
Advanced DMEM/F-12 Gibco 12634-010
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REAGENT or RESOURCE SOURCE IDENTIFIER
GlutaMax Gibco 35050-061
HEPES Gibco 15630-080
Penicillin-Streptomycin Invitrogen 15140-122
N-2 supplement Gibco 17502048
B-27 supplement Gibco 12587-010
Recombinant Human EGF Protein R&D 236-EG
Recombinant Murine EGF Peprotech 315-09
Primocin InvivoGen ant-pm-1
TrypLE Thermo Fisher 12604-013
Dispase Stem Cell Technologies 07913
DNAse | Sigma Aldrich D4513
HBSS, no Calcium, no Magnesium Thermo Fisher 14170120
Collagenase 1V Worthington Biochemical L.S004188
Corporation
Collagenase D Roche 11088858001
Dispase 11 Gibco 17105041
Fetal Bovine Serum (FBS) Gibco 26140-095
TSA Buffer ACD 322809

Clondronate Liposomes

FormuMax Scientific

F70101C-NC-10

DAB Amresco 0430
Critical commercial assays
KAPA Mouse Genotyping Kits KAPA Biosystems KK7352
:ll_ltjmina Tagment DNA Enzyme and Buffer Large Ilumina 20034198

i
QIAGEN RNeasy Micro Kit Qiagen 74004
SuperScript 11 First-Strand Synthesis SuperMix Invitrogen 18080-400
Pierce BCA Protein Assay kit Thermo Fisher 23225
Mouse TGF beta 1 ELISA kit Abcam ab119557
RNAscope Multiplex Fluorescent Reagent Kit v2 ACD 323110
Assay
Anti-F4/80 MicroBeads and MS column-based cell Miltenyi Biotec 130-110-443
separation kit
Mouse growth factor array C3 kit RayBiotech AAM-GF-3-4
PIPseq T2 3’ Single Cell Capture and Lysis Kit v2.1 Fluent Biosciences N/A
Vectastain ABC HRP Kit Vector Labs PK-6101
MinElute PCR purification kit Qiagen 28004
Deposited data
RNA-seq, scRNA-seq and ATAC-seq data This study GEO: GSE222505
RNA-seq of crypts upon IR Quetal.,, 2021 GEO: GSE165157

scRNA-seq of normal crypts and irradiated crypts

Ayyaz et al., 2019

GEO: GSE117783

scRNA-seq of duodenum/jejunum boundary samples

upon IR

N/A

GEO: GSE165318
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

scRNA-seq of sorted Ms/Z-GFP positive cells

(irradiation-resistant) and their progeny cells upon IR

Sheng et al., 2020

GEO: GSE145866

SMADA4 ChIP in mouse intestinal epithelium

Chenetal., 2019

GEO: GSE112946

Experimental models: Organisms/strains

Mouse: Villin-Cre-ERT2 el Marjou et al., 2004 JAX: 020282

Mouse: UBC-Cre-ERT2 Ruzankina et al., 2007 JAX: 007001

Mouse: Villin-Cre Madison et al., 2002 JAX: 004586

Mouse: Tgfbr2f/f Leveen et al., 2002 JAX: 012603

Mouse: Smad4f/f Yang et al., 2002 JAX: 017462

Mouse: Sox9f/f Akiyama et al., 2002 JAX: 013106

Mouse: Mki67tm1.1Cle/J (Ki-67 RFP) Basak et al., 2014 JAX: 029802

Mouse: PDGFRa-H2B-EGFP Hamilton et al., 2003 JAX: 007669

Mouse: ACTB-EGFP Okabe et al., 1997 JAX: 006567

Mouse: ROSA26mT/mG (ACTB-tdTomato-EGFP) Muzumdar et al., 2007 JAX: 007676

Mouse: NOD SCID Blunt et al., 1995 JAX: 001303

Mouse: C57BL/6 The Jackson Laboratory JAX: 000664

Software and algorithms

Scanpy Wolf et al., 2018 https://scanpy.readthedocs.io

\elocyto La Manno et al., 2018 http://velocyto.org/

GSEA Subramanian et al., 2005 https://www.gsea-msigdb.org/gsea/index.jsp

Heatmapper Babicki et al., 2016 http://www.heatmapper.ca

BEDTools Quinlan, 2014 https://bedtools.readthedocs.io/en/latest/

Bowtie2 Langmead and Salzberg, 2012 http://bowtie-bio.sourceforge.net/bowtie2/
index.shtml

Deeptools Ramirez et al., 2016 https://github.com/deeptools/deepTools

MACS Zhang et al., 2008 https://github.com/tacliu/MACS

MACS2 Zhang et al., 2008 https://github.com/topics/macs2

CutAdapt Martin, 2011 https://cutadapt.readthedocs.org

Picard Broad Institute, 2019 http://broadinstitute.github.io/picard

Haystack Pinello et al., 2018 https://github.com/pinellolab/haystack_bio

HOMER Heinz et al., 2010 http://homer.ucsd.edu/homer/motif

IGV Robinson et al., 2011 http://software.broadinstitute.org/
software/igv

DiffBind Stark and Brown, 2011 http://bioconductor.org/packages/release/
bioc/html/DiffBind.html

Cufflinks Trapnell et al., 2012 http://cufflinks.cbch.umd.edu

Kaluza Beckman Coulter https://www.beckman.com/flow-cytometry/

software/kaluza

GraphPad Prism

GraphPad

https://www.graphpad.com/

ImageJ

NIH

https://imagej.nih.gov/
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