ORIGINAL RESEARCH

CELLULAR AND MOLECULAR
GASTROENTEROLOGY AND HEPATOLOGY

Insulin-like Growth Factor-1 and mTORC1 Signaling Promote the

Check for
Updates

Intestinal Regenerative Response After Irradiation Injury

Natacha Bohin,"? Kevin P. McGowan,' Theresa M. Keeley,' Elizabeth A. Carlson,’

Kelley S. Yan,® and Linda C. Samuelson'+

"Department of Molecular and Integrative Physiology, University of Michigan, Ann Arbor, Michigan; 2Cellular and Molecular
Biology Graduate Program, University of Michigan, Ann Arbor, Michigan; and ®Columbia Center for Human Development,
Columbia Stem Cell Initiative, Departments of Medicine and Genetics and Development, Columbia University Irving Medical

Center, New York, New York

 ———
@& —FsC
& b (Bmi1, Hopx)
Telocyte
CBC (Foxl1, Gli1, Pdgfra)
(Lgr5, Olfm4) °

CBC loss
» Growth factor surge

Crypt repair

= f

FSC activation

CELLULAR AND
MOLECULAR
GASTROENTEROLOGY
AND HEPATOLOGY

SUMMARY

We show that mesenchymal insulin-like growth factor-1
(IGF-1) promotes intestinal crypt repair following stem

cell loss from whole-body irradiation. IGF-1 signals through
mTORC1 to activate facultative stem cells to repopulate the
damaged intestinal epithelium.

BACKGROUND & AIMS: Intestinal crypts have a remarkable
capacity to regenerate after injury from loss of crypt base
columnar (CBC) stem cells. After injury, facultative stem cells
(FSCs) are activated to replenish the epithelium and replace
lost CBCs. Our aim was to assess the role of insulin-like growth
factor-1 (IGF-1) to activate FSCs for crypt repair.

METHODS: The intestinal regenerative response was
measured after whole body 12-Gy +y-irradiation of adult
mice. IGF-1 signaling or its downstream effector mamma-
lian target of rapamycin complex 1 (mTORC1) was inhibi-
ted by administering BMS-754807 or rapamycin,
respectively. Mice with inducible Rptor gene deletion were
studied to test the role of mTORC1 signaling in the intes-
tinal epithelium. FSC activation post-irradiation was
measured by lineage tracing.

RESULTS: We observed a coordinate increase in growth
factor expression, including IGF-1, at 2 days post-
irradiation, followed by a surge in mTORC1 activity dur-
ing the regenerative phase of crypt repair at day 4. IGF-1
was localized to pericryptal mesenchymal cells, and IGF-1
receptor was broadly expressed in crypt progenitor cells.
Inhibition of IGF-1 signaling via BMS-754807 treatment
impaired crypt regeneration after 12-Gy irradiation, with
no effect on homeostasis. Similarly, rapamycin inhibition of
mTORC1 during the growth factor surge blunted the
regenerative response. Analysis of VilIin-CreERTZ;Rptorﬂ/ﬂ
mice showed that epithelial mTORC1 signaling was essen-
tial for crypt regeneration. Lineage tracing from Bmil-
marked cells showed that rapamycin blocked FSC activation
post-irradiation.

CONCLUSIONS: Our study shows that IGF-1 signaling
through mTORC1 drives crypt regeneration. We propose
that IGF-1 release from pericryptal cells stimulates
mTORC1 in FSCs to regenerate lost CBCs. (Cell Mol Gas-
troenterol  Hepatol 2020;10:797-810;  https://doi.org/
10.1016/j.jcmgh.2020.05.013)

Keywords: 1GF-1; Raptor; Rapamycin; Intestinal Repair; Crypt
Regeneration; Intestinal Stem Cells.
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he intestinal epithelium is continually renewed

throughout life by adult stem cells. Two intestinal
stem cell (ISC) populations have been defined by their
distinct roles during homeostasis and after intestinal dam-
age. Active ISCs, also termed crypt base columnar (CBC)
stem cells, maintain the intestinal epithelium during ho-
meostasis, fueling cell renewal over one’s lifespan.1 CBC
stem cells (marked by Lgr5, Olfm4, and Ascl2) divide
approximately once per day to generate highly proliferative
transit amplifying progenitors, which differentiate into the
various mature epithelial cell types. On the other hand,
facultative stem cells (FSCs), also termed +4, quiescent, or
reserve stem cells, are crypt epithelial cells that can be
activated to repopulate the stem cell niche after injury and
loss of CBCs. Whole body exposure to vy-irradiation is
commonly used to induce crypt injury, which leads to FSC
activation to proliferate and repair the cellular damage and
replenish the intestinal epithelium, including replacing lost
CBCs.

Many different cells in the intestinal crypt are capable of
reprogramming to function as FSCs, including lineage-
committed (marked by Alpi and DII1) or slowly cycling
(Bmil, Hopx, Lrigl, mTert) progenitor cells,> 1% as well as
differentiated Paneth (Defa4, Lyz1) and endocrine (Neu-
roD1) cells."*** Thus, the crypt shows remarkable cellular
plasticity with numerous crypt cell populations capable of
remodeling to occupy open stem cell niche space after
injury-induced loss of CBC stem cells. The mechanism of FSC
activation to regenerate the intestinal epithelium after CBC
loss has been a subject of active interest, with mammalian
target of rapamycin complex 1 (mTORC1) signaling thought
to play a major role.*'®

Intestinal homeostasis and mucosal repair are tightly
regulated by the stem cell niche, the crypt/pericryptal
microenvironment that consists of signaling factors and cell-
to-cell interactions that regulate ISC function. Previously
identified niche components include developmental factors
such as Wnt/R-spondin and Notch, which are the primary
signaling pathways promoting stem cell self-renewal.'® In
addition, growth factors such as epidermal growth factor,
fibroblast growth factors, and insulin-like growth factor-1
(IGF-1) have been proposed to regulate ISC function."” "’
To date, niche function has predominantly been defined
for CBCs acting during homeostasis, with more limited un-
derstanding of the growth factors that orchestrate injury-
induced repair.

IGF-1 has been proposed to be important for intestinal
regeneration. Exogenous administration or transgenic
overexpression of IGF-1 was shown to enhance intestinal
epithelial growth and healing under numerous gut injury
conditions.””"** A potential role for IGF-1 to regulate stem
cell function was suggested by a study demonstrating that
exogenous IGF-1 increased ISC proliferation and crypt
regeneration after injury induced by 14-Gy abdominal
irradiation.’’ This enhanced regenerative capacity was
associated with increased efficiency of progenitor cells to
form organoids, suggesting that IGF-1 might activate FSCs to
promote crypt repair. IGF-1 signals through mTORC1 via
PI3K/Akt signaling. The active mTORC1 complex regulates
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cellular homeostasis through integration of molecular
pathways and environmental cues.?® Although mTORC1 is
not essential for intestinal epithelial homeostasis, several
studies, some dating back almost 30 years, suggest that
mTORC1 functions in crypt repair.'*'*>?**® Mice with in-
testinal epithelial deletion of mTOR (which disrupts both
mTORC1 and mTORC2) using constitutively expressed
Villin-Cre were more sensitive to 10-Gy vy-irradiation, with
reduced capacity to regenerate crypts and CBCs.”* Inter-
estingly, this study also showed that crypt epithelial cell
deletion of the mTORC2 complex gene Rictor had no effect
on crypt regeneration, suggesting that mTORC1 is key for
post-irradiation crypt repair.”* The importance of mTORC1
for regeneration after y-irradiation was also suggested by
impaired regeneration in mice treated with the mTORC1
inhibitor rapamycin and after deletion of the mTORC1
complex gene Rptor using inducible Villin-CreER™.**
Furthermore, manipulation of mTORC1 signaling in FSCs
suggested an important role in controlling FSC activity."**”
Collectively, the findings suggest that epithelial mTORC1
activity plays a key role in crypt regeneration, although the
mechanism by which mTORC1 becomes activated after
crypt injury is unknown.

In this study we investigated the mechanism of growth
factor induction of intestinal crypt regeneration after 12-Gy
y-irradiation. Our findings show that irradiation injury in-
duces the expression of a number of growth factors including
IGF-1. Mesenchymal IGF-1 signals to crypt epithelial cells to
promote repair via mTORC1 activation. IGF-1/mTORC1
signaling is required for FSC activation to fill open stem cell
niche spaces to replace lost CBCs and repair the crypts.

Results
Irradiation Injury Induces a Growth Factor Surge
Preceding Crypt Repair

We characterized the intestinal response after 12-Gy
whole body v-irradiation of adult mice. Histologic analysis
revealed gross morphologic changes, particularly apparent
in the crypt compartment, which allowed categorization of
the response into 3 distinct phases: damage, regeneration,
and recovery (Figure 1). The damage phase is characterized
by rapid cellular injury, followed by loss of proliferating
cells and crypt collapse. At 3 hours post-irradiation (HPI),
DNA double-strand breaks are demonstrated throughout
the epithelium by ~-H2AX staining, which are largely

Abbreviations used in this paper: ANOVA, analysis of variance; CBC,
crypt base columnar; DPI, days post-irradiation; EDU, 5-ethynyl-2-
deoxyuridine; FSC, facultative stem cell; HPI, hours post-irradiation;
IGF-1, insulin-like growth factor-1; ISC, intestinal stem cell; mTORC1,
mammalian target of rapamycin complex 1; PBS, phosphate-buffered
saline; gPCR, quantitative reverse transcriptase polymerase chain
reaction; SEM, standard error of the mean; UNIRR, unirradiated
controls.
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Figure 1. Three phases of the intestinal regenerative response post-irradiation. Mice were administered 12-Gy whole
body y-irradiation, and intestinal tissue was collected at various HPI or DPI, as indicated, and compared with intestine from
UNIRR mice. (A) Duodenal tissue histology was assessed by H&E staining. (B) DNA damage was detected by immunostaining
for y-H2AX (green) with nuclear counterstain DAPI (blue). (C) Cellular proliferation was assessed by EdU incorporation (green)
with DAPI (red). (D) The number of EAU+ cells was counted at the various time points post-irradiation. Proliferating cell number

is presented as EdU-positive cells per crypt (mean + SEM, n = 3-7 mice/group as shown). Scale bars = 100 um.

resolved by 12 HPI (Figure 1B). By 12 HPI crypt cell pro-
liferation is markedly reduced (Figure 1C and D), and by 48
HPI crypt architecture is destroyed, with de-cellularization
and crypt loss (Figure 1A4). The regenerative phase, which
is apparent at 3 days post-irradiation (DPI), is characterized
by robust crypt recovery. The hallmark of this phase at 3-5
DPI is a hyperproliferative surge and crypt compartment
expansion. We denote 6 DPI as the beginning of the recovery
phase, where the regenerative response is resolving, with
crypt structure and the intestinal epithelium returning to
homeostasis.

We sought to identify growth factors that might play a
role in mediating the response to radiation injury. We
assessed growth factor expression signatures using a

Qiagen (Hilden, Germany) quantitative reverse transcrip-
tase polymerase chain reaction (qPCR)-based array
designed to measure the abundance of 84 mouse growth
factor mRNAs. We analyzed time points across the 3
phases of the regenerative response at 48 HPI (damage),
4 DPI (regeneration), and 6 DPI (recovery), compared
with mock unirradiated controls (UNIRR). This analysis
showed that numerous growth factors were induced at
the damage phase, sustained during the regenerative
phase, with a return toward baseline during recovery,
suggesting that they might play a role in the regenerative
response (Figure 2A4). Furthermore, several of these
growth factors are known to signal through mTORC1,
suggesting that they might be involved in FSC activation.
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Of these, IGF-1 was among the growth factors with the
most dramatic change in expression. This growth factor
was also of interest because it had been described to
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enhance crypt regeneration after y-irradiation,”’ yet a
role for endogenous IGF-1 had not been defined. Mea-
surement of Igfl mRNA abundance by qPCR analysis
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showed an 8-fold increase at 48 HPI during the damage
phase, with a gradual return toward baseline with re-
covery (Figure 2B).

We next defined the intestinal tissue compartments for
IGF-1 signaling. Analysis of epithelial versus mesenchymal
mRNA by qPCR showed that IgfI was specifically expressed
in the mesenchyme at baseline (Figure 2C). The tissue
fractionation was validated by measurement of the

epithelial marker villin (Vil) and the mesenchymal marker
vimentin (Vim) (Figure 2C). RNAscope in situ hybridization
demonstrated that IgfI transcripts were localized to peri-
cryptal mesenchymal cells, with increased levels at 48 HPI
(Figure 2D). This pattern suggested that IgfI is expressed in
telocytes, which have been recently described as crucial
niche cells for epithelial homeostasis.”’ Furthermore, anal-
ysis of our previously published single-cell RNA-seq data®’

Figure 2. (See previous page). IGF-1 growth factor expression increases after irradiation-induced intestinal damage.
Duodenal tissue from UNIRR and 12-Gy-treated mice at the damage (48 HPI), regeneration (4 DPI), and recovery (6 DPI)
phases was isolated and tested for expression of 84 growth factors by RT? Profiler PCR array analysis. (A) Heat map of growth
factor expression after irradiation injury, with red representing higher and blue representing lower expression relative to UNIRR
control (n = 3 mice/group). Arrowhead points to growth factor gene of interest Igf1. (B) Quantitative reverse transcriptase
polymerase chain reaction (QPCR) analysis of Igf7 mRNA abundance post-irradiation. (C) Analysis of Igf7 mRNA abundance by
gPCR in intestinal epithelial or mesenchymal compartments, with validation of tissue fractionation by expression of villin (Vil) or
vimentin (Vim), respectively. (D) RNAScope in situ hybridization (ISH) for Igf1 on UNIRR and 48 HPI duodenum. Arrowheads
indicate some Igf1-expressing cells at the crypt base. (E) Single-cell RNA-seq analysis of IGF-1 receptor (Igf1r) expression in
crypt cells. tSNE plots of cell clusters (left) and Igf1r expression (right). Quantitative data are displayed as mean + SEM (n = 3
mice/group; **P < .01 by 1-way ANOVA with Dunnett post-test).
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Figure 4. mnTORC1 activity increases during the regenerative response. Protein levels of mMTORC1 signaling components
in duodenum as assessed by Western blotting and immunostaining. (A) Western blot analysis for p-S6 (5240/244), total S6, p-
4EBP1, total 4EBP1, and loading control GAPDH. (B) p-S6 and (C) p-4EBP1 band signal was quantified and displayed as mean
+ SEM (n = 3 mice/group; *P < .05, *™*P < .01 by 1-way ANOVA with Dunnett post-test). (D) Immunofluorescent images of p-S6
(green) staining with DAPI counterstain (blue). Scale bars = 100 um.

demonstrated that IGF-1 receptor (Igflr) was broadly
expressed in crypt epithelial cell populations, including stem
and transit amplifying progenitor cells (Figure 2E). Together
these data suggest a signaling axis from pericryptal stromal
cells to crypt epithelial cells. In light of a previous study
demonstrating intestinal pro-regenerative properties of IGF-
1 in vivo®' and an in vitro study showing that IGF-1 pro-
moted growth of human ISCs,** we focused the rest of our
study on understanding the role of this signaling axis in
intestinal repair.

Inhibition of Insulin-like Growth Factor-1/
Mammalian Target of Rapamycin Complex 1
Signaling Impairs Intestinal Regeneration

We tested the function of IGF-1 signaling during the
regenerative response using the reversible IGF-1 receptor
inhibitor BMS-754807 (BMS). Mice were treated daily with
either BMS (25 mg/kg) or vehicle after 12-Gy irradiation,
and tissue was harvested during the regenerative phase at 5
DPI (Figure 34). At baseline, inhibition of this pathway for 5
days had no discernible effect on body weight or intestinal
homeostasis; tissue architecture and cellular proliferation
did not differ between BMS-treated mice and vehicle-treated
controls (Figure 3B-E). However, marked differences were
observed at 5 DPI between BMS- and vehicle-treated mice.
There was a more pronounced post-irradiation weight loss
in BMS-treated mice compared with vehicle-treated controls
(Figure 3B). Histologic analysis revealed more extensive
intestinal damage in BMS-treated mice, with blunted villi
and reduced proliferation (Figure 3F and G). Morphometric
analysis demonstrated that BMS-treated mice had a

significant reduction in crypt regeneration, with 20% fewer
regenerating crypts on inhibition of IGF-1 signaling
(Figure 3H).

IGF-1 signaling is known to activate mTORC1 complex
signaling. Thus, we next examined the role of mTORC1
signaling for crypt regeneration. We first assessed changes
to mTORC1 activity post-irradiation by Western blot anal-
ysis, observing increased phosphorylation of mTORC1 tar-
gets ribosomal protein S6 (p-S6) and 4EBP1 (p-4EBP1) at 4
DPI during the regenerative phase (Figure 44-C). Immu-
nohistologic analysis of tissue sections confirmed increased
S6 phosphorylation (S240/244) in the crypts during
regeneration after 12-Gy irradiation (Figure 4D).

Similar to previously published studies,'*'>*® we
showed with our injury model that inhibition of mTORC1
with rapamycin subsequent to 12-Gy irradiation impaired
intestinal regeneration. Rapamycin-treated mice exhibited
greater loss of body weight compared with irradiation alone
(Figure 5A and B). Effective mTORC1 inhibition was
confirmed by immunostaining for the downstream mTORC1
target p-S6 (S240/244) (Figure 5C). The effect of the
regenerative response was similar to IGF-1 inhibition, with
fewer and smaller crypts observed after rapamycin treat-
ment of irradiated mice. Morphometric analysis showed
decreased regeneration at both 3 DPI and 5 DPI (Figure 5D).
To define the key tissue compartment for mTORC1
signaling, we deleted Rptor from the intestinal epithelium by
treating Villin-CreERTZ;Rptorﬂ/ﬂ mice with tamoxifen before
12-Gy irradiation (Figure 5E). Age- and sex-matched Villin-
CreERTZ;RptorH * mice were used as controls to account for
any effects of CreER™ toxicity to CBC stem cells, which we
have previously established.”” We confirmed depleted
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mTORC1 activity in tamoxifen-treated Villin-CreER™;Rptor™”
mice by immunostaining for p-S6 (S240/244) (Figure 5G).
Rptor-deleted mice showed enhanced weight loss post-
irradiation (Figure 5F), and histologic analysis revealed
impaired crypt regeneration (Figure 5G). At 3 DPI, Villin-
CreER™;Rptor””" crypts appeared few, small, and de-
cellularized compared with Villin-CreER™;Rptor™”" controls
(Figure 5G). Proliferation was reduced, and there was a 3-fold
decrease in regenerating crypts compared with controls
(Figure 5H). These findings confirm that the impaired
regeneration observed with rapamycin administration is
attributed to epithelial mTORC1.

Mammalian Target of Rapamycin Complex 1
Signaling Activates Facultative Stem Cells for
Intestinal Epithelial Regeneration

To address the mechanism of activation of mTORC1
signaling, we first investigated the key timing for mTORC1
function in crypt repair. We varied the timing of initiation of
rapamycin treatment from 24 to 48 HPI (Figure 64). Mice
with initial rapamycin treatment at 24 HPI exhibited a sig-
nificant reduction in the number of regenerating crypts

Cellular and Molecular Gastroenterology and Hepatology Vol. 10, No. 4

(Figure 6B-D). In contrast, mice that received initial rapa-
mycin treatment at 48 HPI exhibited a normal crypt
regeneration response (Figure 6B-D). These findings sug-
gest that the key window for mTORC1 action is 24-48 HPI.
Importantly, this time window corresponds to the timing for
FSC activation, which supports earlier studies suggesting
that mTORC1 plays a role in the activation of these cells
after irradiation injury.®'%'*

To test whether mTORC1 signaling is important to FSC
contribution to the regenerative response, we assessed FSC
activity post-irradiation by lineage tracing. Bmil-
CreER;ROSA26-LSL-lacZ mice were irradiated, tamoxifen-
treated to induce lineage tracing from Bmil-positive FSCs,
and rapamycin- or vehicle-treated to test the role of
mTORC1 for FSC activation (Figure 7A4). We observed a
significant decrease in lineage traces from rapamycin-
treated mice compared with vehicle-treated controls
(Figure 7B and C). These findings indicate that mTORC1 is
critical for Bmil-FSC activation after intestinal injury.

Discussion

Our study shows that the intestinal response to injury
induced by 12-Gy whole body irradiation involves a coor-
dinate increase in intestinal growth factor expression, which
peaked in the damage phase of the response at 48 HPI. A
robust increase in Igfl expression was observed as a
component of the growth factor surge. IGF-1 is known to
signal through PI3K/Akt to activate mTORC1, which we
observed to be subsequently activated during the regener-
ative phase of the response at 4 DPI. Inhibition of either IGF-
1 or mTORC1 signaling resulted in enhanced loss of body
weight and a severe impairment in crypt regeneration post-
irradiation. Moreover, targeted genetic deletion studies
showed that the intestinal epithelium was the key tissue
compartment for mTORC1 signaling during crypt repair
after irradiation injury. Our studies also showed that
mTORC1 signaling is particularly important 24-48 HP],
which is coincident with the timing of FSC activation after
irradiation injury.>'%'* Accordingly, we showed by using a
lineage tracing approach that inhibition of mTORC1
signaling blocked FSC contribution to regeneration. Thus,
our studies propose a mechanism by which irradiation
injury induces IGF-1 expression, which stimulates mTORC1
signaling in crypt epithelial cells, resulting in FSC activation
to re-establish CBC stem cells and repair the crypt
(Figure 8). Notably, inhibition of IGF-1 signaling resulted in
a more limited effect in comparison with mTORC1 inhibi-
tion, suggesting that other growth factors in addition to IGF-
1 play a role in the regeneration response post-irradiation
(compare Figures 3 and 5).

We identified the intestinal cellular source of IGF-1 by in
situ hybridization. IgfI transcripts were localized to peri-
cryptal mesenchymal cells in both basal and injury condi-
tions (Figure 2D). This finding agrees with an earlier study
that had mapped IGF-1 to a subset of human fibrotic
mesenchymal cells in Crohn’s disease patients.>® Interest-
ingly, this expression pattern follows recent studies that
identified pericryptal mesenchymal cells that secrete niche
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Figure 7.Rapamycin (Rap) impairs facultative stem cell contribution to intestinal regeneration. (A) Bmi1-

CreER;ROSA26-LSL-lacZ mice were 12-Gy y-irradiated, injected with tamoxifen (TX), and treated with Rap or vehicle (Veh),
as shown. (B) 5 DPI duodenal sections were stained for $-galactosidase to visualize lineage traces (n = 3 mice/group). (C)
Lineage tracing events were counted, and quantitative data are presented as mean + SEM (*P < .05 vs Veh by Student t test).

Scale bars = 100 um.

factors supporting CBC stem cells to maintain epithelial cell
homeostasis.>*® Importantly, gene expression profiling
studies showed that these cells, termed telocytes, express a
number of growth factors including Igf1.*” Telocytes have
long cellular processes that lie in close juxtaposition to the
basal surface of crypt epithelial cells, which facilitates cross-
talk between these mesenchymal cells and epithelial cells to
regulate stem/progenitor cell function. Indeed, these cells,
marked by Foxl1, Glil, and Pdgfra, have been identified as
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the essential Wnt-secreting cells for intestinal crypt main-
tenance.’’? Single cell RNAseq analysis showed that cells
marked by Foxl1, but not other mesenchymal cell pop-
ulations, express Igfl and other growth factors that would
be expected to signal through mTORCL.*’” Our findings
suggest that these cells may be key for secreting growth
factors to orchestrate crypt repair after injury.

In accordance with a signaling axis from mesenchyme to
epithelium, we show that IgfIr mRNA is broadly expressed
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Figure 8. Pericryptal IGF-1 secretion stimulates mTORC1-mediated FSC activation. Our model proposes that increased
IGF-1 secretion in response to irradiation injury results in mTORC1 signaling in FSCs, leading to their activation to contribute to
intestinal regeneration.
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in several crypt stem/progenitor cell populations, including
CBCs and transit-amplifying cells (Figure 2F). This agrees
with previous reports that demonstrated IGF-1 receptor
expression in crypt epithelial cells, including CBCs and
FSCs.”"*%*! How specific intestinal stem/progenitor cells
might be involved in the growth factor injury response is
unresolved. An earlier study addressed the effect of IGF-1
administration on ISCs after 14-Gy abdominal radiation.”’
In that study, IGF-1, delivered by implanted minipumps,
enhanced crypt regeneration, with increased numbers of
actively cycling ISCs observed in the regenerative phase of
the response. They further showed increased proliferation
of Sox9-EGFP"8" FSCs with IGF-1 treatment. Notably, IGF-1
enhanced the ability of this FSC population to form enter-
oids,”! supporting a role for IGF-1 signaling to activate FSCs
after injury.

Interestingly, IGF-1 does not appear to be required for
intestinal homeostasis. We observed normal intestinal
morphology and crypt proliferation after 5 days of IGF-1
receptor inhibition, which agrees with previous targeted
receptor gene deletion studies showing normal intestinal
homeostasis.***®> However, it has been well-established that
exogenous IGF-1 administration can stimulate intestinal
mucosal growth under basal conditions as well as after
injury in rodent models."* In addition to irradiation
injury,’” ** exogenous administration of IGF-1 has been
shown to enhance intestinal mucosal growth after total
parenteral nutrition and small bowel resection.'”*> Our
study is the first to show that blocking endogenous IGF-1
impairs intestinal regeneration after irradiation injury and
to show evidence for a mechanism by which mesenchymal
IGF-1 mediates intestinal regeneration via stimulation of
crypt epithelial cell mTORC1. Interestingly, a recent study
showed that addition of IGF-1 to human intestinal enteroid
culture media enhanced long-term culture, with conserva-
tion of normal cellular diversity, suggesting that IGF-1 may
also be important for human ISC function.>! Furthermore,
up-regulated IGF-1 expression in Crohn’s disease patients
also supports a role for this signaling axis in human intes-
tinal disease.’”

Our findings demonstrating the importance of IGF-1/
mTORC1 signaling during crypt repair agree with previous
studies showing that mTORC1 signaling in the intestinal
epithelium is required for intestinal crypt regeneration after
radiation injury.'***?® In addition to our demonstration
that activation of Bmil-CreER-marked FSCs is mTORC1
dependent, a previous study showed that mTORC1 signaling
was activated in Hopx-CreER™-marked FSCs post-irradia-
tion."* In preliminary studies we also observed that Hopx-
CreER™-marked FSCs require mTORC1 for activation post-
irradiation injury. Thus, activation of mTORC1 signaling
appears to be a general feature of FSC populations in
mounting a regenerative response to crypt injury. We pro-
pose that radiation injury induces IGF-1 in pericryptal
mesenchymal cells to activate mTORC1, promoting intesti-
nal stem cell potential in various FSC populations (Figure 8).

One study that examined the effect of calorie restriction
on FSC function suggested that mTORC1 regulates a change
in FSC status from a “dormant” to a “poised” state capable of
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responding to injury to repopulate the intestinal epithe-
lium."® This proposed mechanism is also in agreement with
the observation of mTORC1-dependent muscle satellite
(stem) cell transition from dormancy to functionally poised
in response to muscle injury.*® Future studies will be
required to understand the mechanism of mTORC1
remodeling of FSC cell state as well as the identification of
the injury signal(s) that induce IGF-1 and other growth
factor expression in pericryptal mesenchymal cells to
orchestrate crypt repair.

Materials and Methods

Mouse Use

Mouse experiments were approved by the Institutional
Animal Care & Use Committee at the University of Michigan.
Mice were housed in ventilated and automated watering
cages with a 12-hour light/dark cycle under specific
pathogen-free conditions. The following mouse strains were
used: Villin-CreER™ (gift from Robine lab),*” Rptor™" (JAX
013188),"® Bmil-CreER (JAX 010531),° and ROSA26-LSL-
lacZ (JAX 003474).*° Mice were maintained on a C57BL/6
strain background. Mice of both sexes aged 1.5-4 months
were used.

To induce intestinal injury, mice were exposed to 12-Gy
whole body v-irradiation from a 137(Cs source; control mice
were mock-irradiated. To activate CreER"?-mediated
recombination, mice were injected intraperitoneally with
tamoxifen (Sigma-Aldrich, St Louis, MO; 100 mg/kg in 5%
ethanol and 95% corn oil). To inhibit mTORC1 activity, mice
were injected intraperitoneally with rapamycin (LC Labo-
ratories, Woburn, MA; 4 mg/kg in phosphate-buffered saline
[PBS] containing 5% Tween 80 and 5% polyethylene glycol
400). To inhibit IGF-1 signaling, BMS-754807 was admin-
istered by oral gavage (MedChemExpress, Monmouth Junc-
tion, NJ; 25 mg/kg in 80% polyethylene glycol 400 in
water). Intestinal tissue was isolated after ad libitum
feeding at various times, as indicated in Figures. For analysis
of proliferation, mice were injected intraperitoneally with 5-
ethynyl-2-deoxyuridine (EDU) (Life Technologies, Carlsbad,
CA; 25 mg/kg) 2 hours before tissue collection.

Histologic Analysis

Intestinal tissue was fixed in 4% paraformaldehyde in
PBS overnight before paraffin processing, as previously
described.”® Duodenal paraffin sections (4-5 um) were
stained with H&E to assess intestinal morphology. The EdU
Click-it kit (Life Technologies) was used to identify prolif-
erating cells. Regeneration was assessed by using the
adapted crypt microcolony survival assay method.”!
Regenerating crypts were measured as the number of
well-oriented crypts with 5 or more EDU-positive cells
divided by the total number of well-oriented crypts. Well-
oriented crypts were identified from images of adjacent
H&E-stained sections. Immunostaining with rabbit anti-
bodies to y-H2AX (1:50, Cell Signaling 9718; Cell Signaling
Technology, Danvers, MA) and phospho-S6 (S240/244)
(1:300, Cell Signaling 5364) was performed as described.””
A goat anti-rabbit immunoglobulin G Alexa Fluor 488
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polyclonal secondary antibody was used (1:400, Invitrogen
A27034; Carlsbad, CA). Images were captured on a Nikon
E800 (Tokyo, Japan) microscope with Olympus DP (Tokyo,
Japan) controller software.

Western Blot Analysis

Full-thickness duodenal tissue was homogenized in
RIPA buffer (Thermo Fisher Scientific, Waltham, MA;
89900) containing protease and phosphatase inhibitor
cocktail (Thermo Fisher Scientific, 78440). Cell lysates (40
ug protein) were mixed with NuPAGE LDS Sample Buffer
(Thermo Fisher Scientific,c NP0007) and separated by so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis
using NuPAGE MOPS SDS Running Buffer (Thermo Fisher
Scientific, NP0001) and NuPAGE 4-12% Bis-Tris gels
(Thermo Fisher Scientific, NP0335), following manufac-
turer’s recommendations. Protein transfer onto 0.45-um
pore size nitrocellulose membrane (GE Healthcare, Chi-
cago, IL) at 100 V for 40 minutes preceded blocking in
Odyssey Blocking Buffer (Li-COR Biosciences, Lincoln, NE;
927-40000) for 1 hour at room temperature. Immuno-
blotting with rabbit antibodies to phospho-S6 (S240/244)
(1:500, Cell Signaling 5364) and phospho-4EBP1 (1:200,
Cell Signaling 2855) and mouse antibodies to S6 (1:200,
Cell Signaling 2317), 4EBP1 (1:200, Cell Signaling 9644),
and GAPDH (1:10,000, Thermo Fisher Scientific MA5-
15738) was performed on a rocking platform overnight
at 4°C. After rinsing the membrane in Tris-buffered saline,
0.1% Tween 20, IRDye 800CW goat «-rabbit (1:10,000, Li-
COR 925-32211) and IRDye 680RD goat «-mouse
(1:10,000, Li-COR 925-68070) secondary antibodies were
used to visualize probed proteins. The membrane was
scanned on an Odyssey Imager (Li-COR). Western blot
analysis was performed by using the free Image Studio
Lite software (Li-COR).

Lineage Tracing

Bmil-CreER;ROSA26-LSL-lacZ mice were injected with
rapamycin or vehicle daily for 5 days, with tamoxifen
treatment and 12-Gy whole body irradiation performed on
the first day of treatment (Figure 7A). Five DPI intestinal
tissue was fixed in 4% paraformaldehyde at 4°C for 1 hour
and incubated in 30% sucrose overnight before embedding
in OCT. Frozen sections were fixed in 4% paraformaldehyde
for 5 minutes, washed 3 times in X-Gal buffer (2 umol/L
MgCl2, 0.02% NP-40 in 0.1 mol/L sodium phosphate, pH
7.3) for 5 minutes, and stained in X-Gal staining solution
(Invitrogen 15520-034; 1 mg/mL in 5.2 mmol/L potassium
ferrocyanide, 5.2 mmol/L potassium ferricyanide in X-Gal
buffer) overnight at 37°C in the dark. The following day,
slides were washed 3 times with X-Gal wash buffer and
counterstained with neutral red. Stained slides were dehy-
drated in ethanol/xylene and coverslipped with Permount
before imaging. Three serial duodenal sections (10 wm)
were imaged from each mouse to count lineage tracing
events, which were defined by 4 consecutive lacZ-positive
cells across at least 2 serial sections. The number of
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events was divided by the number of crypt-villus units
imaged.

Gene Expression Analysis

RNA from full-thickness duodenal tissue segments was
isolated as previously described.”®> The mRNA abundance
was measured by qPCR as previously described,*® using Igf1
primers ~ CAACTCCCAGCTGTGCAATT  (forward) and
GCCGAGGTGAACACAAAACT (reverse) to generate a 151
base pair product, Vil primers ATGACTCCAGCTGCCTTCTCT

(forward) and GCTCTGGGTTAGAGCTGTAAG (reverse)
to generate a 436 base pair product, and Vim
primers ACTGCTGCCCTGCGTGATGTG (forward) and

GGTACTCGTTTGACTCCTGCTTGG (reverse) to generate a
163 base pair product. Assays were run in triplicate and
normalized to Gapdh or Hprt, with Gapdh as described,””
and Hprt primers AGGACCTCTCGAAGTGTTGGATAC (for-
ward) and AACTTGCGCTCATCTTAGGCTTTG (reverse) to
generate a 173 base pair product.

For growth factor array analysis, RNAs from UNIRR, 48
HPI, 4 DPI], and 6 DPI were submitted to the University of
Michigan DNA Sequencing Core for RT? Profiler PCR Mouse
Growth Factor Array analysis (Qiagen, PAMM-0417)
(Figure 2, Supplementary Tables 1-3). RNA samples from
3 independent mice were analyzed for each time point.

Intestinal Tissue Fractionation

A 6-cm segment of duodenum/jejunum was opened,
placed in 15 mL 10 mmol/L EDTA in PBS, and rocked for 10
minutes at 4°C. The tissue was placed villus-side up on a
glass plate on ice and lightly scraped 3 times in both di-
rections with a P-100 pipette tip. Scraped tissue was
examined by microscopy to ensure that villi and not crypts
were removed. Remaining intestine was minced (3-5 mm?)
and placed in 15 mL 15 mmol/L EDTA in PBS and rocked
for 45 minutes at 4°C. Tissue fragments were moved into a
15-mL conical tube containing 8 mL PBS and shaken by
hand for 2 minutes (5 shakes/2 seconds), followed by a
short vortex pulse. The solution was filtered through a 70-
um filter into a 50-mL epithelial collection tube. Intact tissue
fragments from the filter were placed into 8 mL PBS;
shaking/vortexing was repeated, followed by decanting
through a new filter into the epithelial collection tube. Tis-
sue fragments (mesenchyme) were picked off the filter,
rinsed briefly in PBS, transferred to a 1.5-mL tube, and
snap-frozen in liquid N,. The epithelial crypts were collected
by centrifugation at 500g at 4°C, transferred to a 1.5-mL
tube, and snap-frozen in liquid N,. Tissue fractions were
stored at -80°C before RNA isolation.

Single-Cell RNA-seq Analysis

Expression of Igfir was investigated in the scRNA-seq
dataset enriched in ISCs and progenitors.”’ The dataset
was downloaded from the Gene Expression Omnibus
(Accession #GSE92865), and the gene-cell barcode matrices
from 14 samples were concatenated. Cells that did not ex-
press intestinal epithelial markers or expressed less than
400 genes or more than 4400 genes were filtered out from
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the matrix. Similarly, genes that were expressed in less than
3 cells were filtered out. The resultant matrix has 13,076
cells and 16,047 genes and was used as input for Seurat R
package. The data were log-normalized, and 1477 highly
variable genes were identified by using expression cutoff
value of 0.0125 and dispersion cutoff value of 0.5. Principal
component analysis was performed on the highly variable
genes, and the first 15 principal components were used for
clustering analysis and tSNE projection. Gene expression
heat maps were generated by using the log2 normalized
data.

In Situ Hybridization

Tissues were fixed overnight in 10% neutral buffered
formalin (Fisher, SF100-4), paraffin embedded, and
sectioned to 4 wum. RNAScope Igfl mouse probe (ACD
443901; ACD Bio, Newark, CA) used the 2.5 HD Brown
detection kit (ACD 322310) according to manufacturer’s
instructions, with the following specifications. Sections were
boiled in target retrieval solution (ACD 322000) for 15
minutes and treated with protease plus (ACD 322340) for
30 minutes at 40°C.

Statistical Analysis

All experiments were performed with at least 3 biolog-
ical replicates per group. Quantitative data are presented as
mean + standard error of the mean (SEM). Statistical com-
parisons were conducted with unpaired two-tailed Student ¢
tests, 1-way analysis of variance (ANOVA), or 2-way ANOVA
by using the Prism software (Graphpad, San Diego), as
indicated in figure legends. Significance is reported as *P <
.05, **P < .01, **P < .001, and ***P < .0001.

All authors had access to the study data and had
reviewed and approved the final manuscript.
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