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SUMMARY

Activation of intestinal epithelial cell–specific mammalian
target of rapamycin complex 1 via ablating tuberous scle-
rosis complex 1 enhances intestinal adaptation. Surprisingly,
intestinal adaptation is not inhibited by inactivating
mammalian target of rapamycin complex 1 activity in the
intestinal epithelial cells, but rather by systemic inactivation
via rapamycin.

BACKGROUND & AIMS: Intestinal adaptation is a compensa-
tory response to the massive loss of small intestine after sur-
gical resection. We investigated the role of intestinal epithelial
cell–specific mammalian target of rapamycin complex 1
(i-mTORC1) in intestinal adaptation after massive small bowel
resection (SBR).

METHODS: We performed 50% proximal SBR on mice to study
adaptation. To manipulate i-mTORC1 activity, Villin-CreER

transgenic mice were crossed with tuberous sclerosis complex
(TSC)1flox/flox or Raptorflox/flox mice to inducibly activate or
inactivate i-mTORC1 activity with tamoxifen. Western blot was
used to confirm the activity of mTORC1. Crypt depth and villus
height were measured to score adaptation. Immunohisto-
chemistry was used to investigate differentiation and rates of
crypt proliferation.
RESULTS: After SBR, mice treated with systemic rapamycin
showed diminished structural adaptation, blunted crypt cell
proliferation, and significant body weight loss. Activating
i-mTORC1 via TSC1 deletion induced larger hyper-
proliferative crypts and disorganized Paneth cells without a
significant change in villus height. After SBR, ablating TSC1 in
intestinal epithelium induced a robust villus growth with
much stronger crypt cell proliferation, but similar body
weight recovery. Acute inactivation of i-mTORC1 through
deletion of Raptor did not change crypt cell proliferation
or mucosa structure, but significantly reduced lysozyme/
matrix metalloproteinase-7–positive Paneth cell and goblet
cell numbers, with increased enteroendocrine cells.
Surprisingly, ablation of intestinal epithelial cell–specific
Raptor after SBR did not affect adaptation or crypt prolifer-
ation, but dramatically reduced body weight recovery after
surgery.

CONCLUSIONS: Systemic, but not intestinal-specific, mTORC1
is important for normal adaptation responses to SBR. Although
not required, forced enterocyte mTORC1 signaling after resec-
tion causes an enhanced adaptive response. (Cell Mol Gastro-
enterol Hepatol 2017;3:231–244; http://dx.doi.org/10.1016/
j.jcmgh.2016.10.006)
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ntestinal adaptation after massive small bowel resec-
Abbreviations used in this paper: EGF, epidermal growth factor; IHC,
immunohistochemistry; i-TSC-/-, intestinal epithelial cell–specific
tuberous sclerosis complex 1 null mice; MMP, matrix metalloproteinase;
mTOR, mammalian target of rapamycin; mTORC, mammalian target of
rapamycin complex; PCR, polymerase chain reaction; p-HH3, phos-
phorylated histone H3; SBR, small bowel resection; S6K, S6 kinase; TAM,
tamoxifen; TSC, tuberous sclerosis complex; WT, wild type.
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Ition (SBR) is a well-established process in which the
remnant bowel compensates for what has been lost.1,2

Adaptation is manifested as enhanced crypt cell prolifera-
tion, deeper crypts, and taller villi, resulting in a greater
mucosal surface area. How the remnant small intestine
senses the postresection environmental cues to adapt re-
mains unclear.

Mammalian target of rapamycin (mTOR) is a serine/
threonine kinase that forms 2 functionally and structurally
distinct complexes: mTOR complex 1 (mTORC1) and mTOR
complex 2 (mTORC2).3,4 mTORC1 is a well-known medi-
ator of cell proliferation and cell growth that partners with
regulatory-associated protein of mTOR (Raptor), mamma-
lian lethal with Sec 13 protein 8/G-protein b-protein
subunit like, Akt/Protein Kinase B (PKB) substrate 40
kilodaltons, and DEP-domain-containing mTOR interacting
protein.5,6 Raptor is required for mTORC1 signaling.
mTORC1 activity is regulated by a variety of factors such as
nutrients, growth factors, cellular stress, and energy sta-
tus.7 In response to growth factor stimulation, the phos-
phatidylinositol 3 kinase pathway is activated, which will
inactivate tuberous sclerosis complex (TSC)1/2 via phos-
phorylation.8 TSC1/2 functions to suppress mTORC1 ac-
tivity by inhibiting the conversion of Rheb–guanosine
diphosphate to Rheb–guanosine triphosphate.4 Knockout
of TSC1/2 therefore results in enhanced mTORC1
signaling. mTORC1 activation leads to phosphorylation of
multiple downstream substrates such as ribosomal protein
S6 kinase (S6K), translation initiation factor 4E binding
proteins, unc-51 like autophagy activating kinase 1/2
(ULK1/2), and autophagy-related gene 13 (ATG13), which
activate anabolic processes such as protein synthesis, lipid
synthesis, and ribosomal biogenesis, while simultaneously
inhibiting autophagy.4,5,7

Rapamycin is the canonical inhibitor of mTORC1 and has
been used extensively for studying mTORC1 function in
various tissues. In the intestine, systemic administration of
rapamycin has been shown to reduce intestinal surface area
in rabbits,9 disrupt intestine regeneration in rats,10 cause
diarrhea in human beings,11 and inhibit intestinal regener-
ation in acute inflammatory bowel disease.12 Repression of
mTORC1 in Paneth cells provides a niche for enhancing
intestinal stem cell proliferation while keeping rates of
proliferation low in transient amplifying cells.13 Similar cell-
specific studies have shown that activating mTORC1 in
enteroendocrine L cells stimulates proglucagon promoter
activity and Glucagon-like peptide-1 (GLP-1) production,14

and that inhibiting mTORC1 activity in adenomatous polyp-
osis coli (Apc)-deficient (Wnt-activated), but not wild-type,
epithelial cells blocks crypt cell proliferation via inhibition
of Eukaryotic Translation Elongation Factor 2 (eEF2) kinase
activity.15 Furthermore, constitutively inactivating mTORC1
in intestinal epithelium affects differentiation and compro-
mises crypt cell regeneration after irradiation injury.16

During intestinal adaptation, the remnant small bowel
mucosa faces an altered environment with different nutri-
ents and growth factors.17,18 Because mTOR can integrate a
multitude of extracellular signals with intracellular cues to
regulate cell proliferation and cell growth, we hypothesized
that mTOR signaling is a critical factor in adaptation. To test
this hypothesis, we used rapamycin, a systemic mTOR in-
hibitor, to study the overall systemic role of mTOR signaling
in adaptation. We then applied more sophisticated inducible
and conditional genetic deletion strategies to study the
function of intestinal epithelial cell–specific mTOR signaling
during adaptation. Specifically, we determined the effects of
SBR-induced adaptation in mice with enhanced mTORC1
signaling (inducible, intestinal epithelial cell–specific TSC1/
2 knockouts) as well as in mice with attenuated mTORC1
signaling (inducible, intestinal epithelial cell–specific Raptor
knockouts).
Materials and Methods
Mice

All protocols and experiments were approved by the
Washington University Animals Studies Committee (proto-
col 20150285) and followed National Institutes of Health
animal care guidelines. Male C57BL/6 mice, TSC1(flox/flox)

and Raptor(flox/flox) mice, were purchased from the Jackson
Laboratory (Bar Harbor, ME). Villin CreER mice were ob-
tained via a generous donation from Sylvie Robine (Curie
Institute, Paris, France). Intestinal epithelial-specific TSC1
and Raptor knockout mice were generated by crossing
Villin CreER mice with TSC1(flox/flox) or Raptor(flox/flox),
respectively. Wild-type littermates Villin CreER (�);
TSC1(flox/flox) or Villin CreER(-); Raptor(flox/flox) were used as
control mice. Mutant mice were maintained on a C57/BL6
background. Both male and female mice were used for small
bowel resection experiments. Tamoxifen (TAM) (Sigma,
St. Louis,MO)was dissolved in sunflower oil at 10mg/mL and
injected intraperitoneally at 50mg per gramof bodyweight for
3 consecutive days to induce deletion of gene expression.Mice
were kept in the animal holding areawith a 12-hour light-dark
cycle and given rodent chow ad libitum after weaning.
Small Bowel Resection and Harvest
The 50% proximal SBR procedure has been described

previously.19 The intestinal resections were performed by
transecting the bowel 1- to 2-cm distal from the ligament of
Treitz and at 12-cm proximal to the ileocecal junction, fol-
lowed by removal of the intervening segment. Intestinal
continuity was re-established by an end-to-end primary
anastomosis using interrupted 9-0 monofilament sutures.
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Mice were provided free access to water for the first 24
hours after surgery. Mice then were fed with a standard
liquid diet (PMI Micro-Stabilized Rodent Liquid Diet LD 101;
TestDiet, Richmond, IN) until death.

At the time of death, a midline laparotomywas performed
and the entire small intestine was flushed with ice-cold
phosphate-buffered saline containing protease inhibitors
(0.2 nmol/L phenylmethylsulfonyl fluoride, 5 mg/mL aproti-
nin, 1mmol/Lbenzamidine, 1mmol/L sodiumorthovanadate,
and 2 mmol/L cantharidin). A 2-cm segment of bowel distal to
the anastomosis was fixed in 10% neutral-buffered formalin
for histology. The remainder of the distal segmentwas used to
isolate crypt and villus.20 Protein extracted from isolated
crypt or villus was used for Western blot assay, and RNAwas
used for real-time polymerase chain reaction (PCR) assays.

Histology
Intestinal tissue was paraffin-embedded and cut into

5-mm–thick longitudinal sections followed by H&E staining.
Villus height and crypt depth were measured with a video-
assisted computer program (NIS elements AR 4; Nikon,
Melville, NY). Crypt depth was measured as the length be-
tween the bottom of the crypts and the crypt-villus junction,
and villus height was determined by the length between the
crypt–villi junction and the top of the villus. At least 20
well-oriented crypts and villi were counted per slide. Crypts
were counted only if the crypt–villus junctions on both
sides of the crypt were intact and if Paneth cells were
present at the base of the crypt. Villi were counted only if
the central lymphatic channel extended from the villus base
to the tip and if the mucosal surface was in continuity with
an intact crypt.

Intestinal Epithelial Cell Proliferation and
Differentiation Analysis

Formalin-fixed tissue sections were embedded in
paraffin, sectioned, and deparaffinized. Alkaline phospha-
tase activity was detected via immunofluorescence using a
Vector Red Alkaline Phosphatase Substrate kit (Vector
Laboratories, Burlingame, CA). Secretory cell differentiation
and crypt cell mitosis was detected via immunohistochem-
istry (IHC). Briefly, the deparaffinized slides were blocked
with 3% hydrogen peroxide in methanol. Antigen retrieval
was performed using Diva Decloaking solution (Biocare
Medical, Concord, CA) (120�C for 2 minutes using a high-
pressure cooker). Slides were blocked with avidin-pink
and biotin-blue (Biocare Medical), treated with a specific
antibody in DaVinci Green (Biocare Medical), incubated
overnight at 4�C, and visualized with biotinylated goat anti-
rabbit IgG (Jackson ImmunoResearch, Inc, West Grove, PA),
followed by streptavidin–horseradish peroxidase (Jackson
ImmunoResearch Laboratories, Inc, West Grove, PA), dia-
minobenzidine (Sigma-Aldrich, St. Louis, MO), and hema-
toxylin counterstaining. The antibodies used in this study
were anti–p-histone H3 antibody (9701, 1:400; Cell
Signaling Technology, Danvers, MA) for cell proliferation;
mucin-2 (15334, 1:1000; Santa Cruz, Dallas, TX) for goblet
cell differentiation; chromogranin A (20085, 1:800;
ImmunoStar, Hudson, WI) for enteroendocrine cell differ-
entiation; matrix metalloproteinase (MMP)-7 (3801, 1:100;
Cell Signaling Technology, Danvers, MA); and lysozyme (RP
028-05, 1:100; Diagnostic Biosystems, Pleasanton, CA) for
Paneth cell differentiation.

Western Blot
Isolated crypt and villus samples were lysed with so-

dium dodecyl sulfate sample buffer (50 mmol/L Tris-HCL,
pH 6.8, 2% sodium dodecyl sulfate, 10% glycerol, and 5%
mercaptoethanol). The lysate then was heated for 5 minutes
at 100�C, and the protein concentration was determined
using the RC-DC kit (Bio-Rad, Hercules, CA). Proteins were
loaded in equal amounts for Western blot. Antibodies used
in this study were as follows: TSC1 (#6935), TSC2
(#4308), Raptor (#2280), pS6K (#9234), S6K (#2708), pS6
(S235/236; #4858), pS6 (S240/244; #5364), S6 (#2217),
glyceraldehyde-3-phosphate dehydrogenase (#5174), and
MMP-7 (#3801) (all from Cell Signaling Technology). The
proteins were detected using the Bio-Rad ChemiDoc XRSþ
system with image Lab software (Bio-Rad).

Real-Time Quantitative PCR
Isolated crypts and villi were homogenized in lysis buffer

and RNA was extracted according to the manufacturer’s
protocol (RNAqueous kit; Ambion, Austin TX). The total RNA
concentration was determined using a NanoDrop Spectro-
photometer (ND-1000; NanoDrop Technologies, Wilming-
ton, DE). TSC1, TSC2, MMP-7, and lysozyme primers were
obtained from Life Technologies (Carlsbad, CA). b-actin was
used as the endogenous control (Applied Biosystems, Foster
City, CA). The Applied Biosystems 7500 Fast Real-Time PCR
system was used to obtain relative RNA expression. All
reverse-transcription PCR results are normalized to the
b-actin endogenous control.

Statistical Analysis
All values are reported as means ± SD of the mean.

Statistical analysis was performed using the Student t test to
compare the 2 experimental groups. A P value less than .05
was considered significant.

Results
Resection-Induced Intestinal Adaptation Is
Blunted by Rapamycin

To determine whether mTORC1 is involved in intestinal
adaptation after resection, we first performed 50% proximal
SBR on male C57BL/6 mice followed by systemic inhibition
of mTORC1 via rapamycin. Small bowel resection is a major
abdominal surgery with a significant physiological impact
on the mice in the first 48 hours after surgery. In addition,
we see a significant decrease in oral intake during this
period despite the rapid regeneration process occurring at
the molecular level.19 Rapamycin injections have a much
smaller, but similar, effect on oral intake and frailty in the
mice. When these 2 procedures are compounded, the post-
surgery survival rate decreases sharply. To accommodate,



Figure 1. Intestinal adap-
tation, crypt cell prolifer-
ation, and postsurgical
weight gain are inhibited
by rapamycin. Eight-
week-old C57BL/6 male
mice were subjected to
50% proximal SBR and
treated with either vehicle
or rapamycin for 7 days. (A)
Representative H&E stain-
ing of small intestine 7
days after SBR (n ¼ 7 for
vehicle and n ¼ 8 for
rapamycin). Scale bars:
100 mm. (B) Representative
IHC staining of p-S6 (S235/
236) as a surrogate of
mTORC1 activity (n ¼ 7 per
group). Scale bars: 100
mm. (C) Representative IHC
staining of p-HH3 as a
mitosis marker (n ¼ 7 for
vehicle and n ¼ 8 for
rapamycin). Scale bars: 50
mm. (D) Crypt depth and
villus height measurement
in SBR mice after rapamy-
cin treatment. (E) Average
number of p-HH3–positive
cells per crypt. (F) Repre-
sentative Western blot
analysis of S6 phosphory-
lation in isolated small in-
testine epithelium from
vehicle or rapamycin-
treated mice (n ¼ 7 per
group). Lamin B1 was used
as loading control. (G)
Average mice body weight
at the time of harvesting.
Means ± SD are shown.
Student t test (*P < .05).
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we allowed the resected mice 48 hours to recover from
surgery before randomization. Mice received a daily 200-mL
intraperitoneal injection of either vehicle (5% Tween-80,
5% polyethylene glycol 400 (PEG-400) in phosphate-
buffered saline) or rapamycin (dissolved in vehicle) for 1
week at a dose of 4 mg/kg. Intestinal histology was obtained
to score structural adaptation. At the same time, crypts, villi,
and the adjacent mesenchyme were separated for detecting



Figure 2. Small intestine morphology and body weight are not affected by rapamycin treatment in unoperated mice.
Eight-week-old C57BL/6 male mice were subjected to either vehicle (n ¼ 5) or rapamycin (n ¼ 4) treatment for 7 days. (A) Crypt
depth and villus height measurement after vehicle or rapamycin treatment. (B) Average number of p-HH3–positive cells per
crypt. (C) Average body weight gain presented as a percentage of pretreatment weight. Means ± SD are shown. Student t test
(P < .05).
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mTORC1 activity in response to rapamycin inhibition. One
week of rapamycin treatment resulted in a diminished
adaptive response as shown by significantly decreased vil-
lus height (Figure 1A and D). Crypt cell proliferation, as
measured by phosphorylated histone H3 (p-HH3, mitosis
marker) IHC staining, also was decreased significantly in
rapamycin-treated SBR mice (Figure 1C and E). The suc-
cessful inhibition of mTORC1 activity across all layers of
small intestine was confirmed by measuring phosphoryla-
tion of ribosomal protein S6, which is a common surrogate
of mTORC1 activity.15,21 In crypts, Western blot assay
showed a dramatic decrease in ribosomal protein S6 phos-
phorylation at both Ser235/236 and Ser240/244, indicating
decreased mTORC1 signaling (Figure 1F). Because S6
Figure 3. Acute deletion of TSC1 in intestinal epithelium ac
eration. Villin CreER (�); TSC1(flox/flox) (WT) or Villin CreER (þ); TS
tamoxifen for 3 days and small intestine was removed 2 weeks
deletion of TSC1 and mTORC1 activation (n ¼ 7 per genotype)
used as loading control. (B) Crypt depth and villus height measur
proliferation was determined by the number of mitotic cells per
(D) Representative H&E staining of small intestine 14 days aft
Means ± SD are shown. Student t test (*P < .05).
phosphorylation is similar at Ser235/236 and Ser240/244,
only Ser235/236 phosphorylation was recorded for subse-
quent experiments. IHC staining of small intestine with pS6
antibody confirmed a significant reduction of pS6 signal in
rapamycin-treated mice (Figure 1B). When body weight was
measured, rapamycin-treatedmice weighed significantly less
when compared with vehicle-treated mice (Figure 1G). These
data indicate that systemicmTORC1 signaling is important for
crypt cell proliferation and adaptation after SBR.

To determine whether the effects of rapamycin inhibi-
tion were specific for the adapting bowel, we also treated
unoperated C57BL/6 mice with the same dose of rapamycin
for the same time period. Rapamycin treatment of these
mice did not affect intestinal structure, crypt cell
tivates mTORC1 signaling and promotes crypt cell prolif-
C1(flox/flox) (i-TSC1-/-) mice were injected intraperitoneally with
later. (A) Representative Western blot analysis confirms the

. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
ement of WT or TSC1-deficient mice (i-TSC1-/-). (C) Crypt cell
crypt, measured by IHC staining using anti–p-HH3 antibody.
er TAM injection (n ¼ 7 per genotype). Scale bars: 100 mm.
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proliferation, or weight gain (Figure 2). These findings
verify that the mTORC1 signaling pathway is involved
specifically in the resection-induced adaptation process.

mTORC1 Activation in Intestinal Epithelium
Promotes Adaptation After Resection

Although treatment of mice with rapamycin showed that
systemic mTORC1 signaling is critical for intestinal adap-
tation after massive SBR, our ultimate goal was to enhance
adaptation responses after SBR. Because of the ubiquitous
nature of mTORC1 signaling throughout the body, tissue-
specific contributions to adaptation may require targeted
mTORC1 activation. Because adaptation is believed to be an
event involving stimulated rates of enterocyte prolifera-
tion,22 we focused on genetic manipulation of intestinal
epithelial cells. When bred with Rosa26 reporter mouse line,
the Villin CreER line has been shown to target intestinal stem
cells after TAM injection.23 We therefore crossed the Villin
CreER transgenic mouse with the TSC1(flox/flox) mouse line to
generate inducible intestinal epithelial cell–specific TSC1
null mice (i-TSC1-/-). When mice reached 6–8 weeks of age,
TAM was injected intraperitoneally for 3 consecutive days.
After 2 weeks, the distal ileum was excised and the deletion
Figure 4. The effects of TSC1 deletion on intestinal epithelial
CreER (þ); TSC1(flox/flox) (i-TSC1-/-) mice underwent intraperitone
removed 2 weeks later. (A) Representative immunofluorescen
genotype). (B) Representative IHC shows goblet cells in br
(C) Representative IHC shows enteroendocrine cells in brown u
type). (D) Quantification of goblet cells based on at least 30 w
based on at least 100 crypt/villus axis. Nuclei are stained
hematoxylin. Scale bars: (A and B) 100 mm, and (C) 50 mm. Me
of TSC1 in i-TSC1-/- mice was confirmed by real-time PCR
using isolated epithelial cells (data not shown). Western blot
then was used to verify the efficient deletion of TSC1 protein
(Figure 3A). As expected, in TSC1-deficient epithelial cells,
the well-established mTORC1 kinase target S6K and S6 were
highly phosphorylated. In addition, protein expression of
TSC2, the binding partner of TSC1, was degraded
(Figure 3A). In contrast, TSC1 protein expression in smooth
muscle was not changed in i-TSC1-/- mice (data not shown).
These results confirm that we successfully established an
inducible intestinal epithelial cell–specific mTORC1 activa-
tion system for further characterization of mTORC1
signaling in the gut. When crypt depth and villus height
were measured, a small, yet significant, increase (17.6%) in
crypt depth was seen in unoperated i-TSC1 null mice
(Figure 3B and D). The villus height, however, was not
changed (Figure 3B and D). When the paraffin-embedded
slides were stained with p-HH3–specific antibody to mea-
sure crypt cell proliferation, we found 34% more mitotically
active crypt cells in i-TSC1 null mice (Figure 3C).

The literature shows several differing approaches to
determine the role of mTORC1 in intestinal epithelial cell
differentiation. However, these studies have yielded many
cell differentiation. Villin CreER (�); TSC1(flox/flox) (WT) or Villin
al injection with tamoxifen for 3 days and small intestine was
ce staining shows alkaline phosphatase in red (n ¼ 6 per
own using anti–mucin 2 antibody (n ¼ 6 per genotype).
sing anti–chromogranin A (ChgA) antibody (n ¼ 6 per geno-
ell-orientated villi. (E) Quantification of enteroendocrine cells
with either (A) 40,6-diamidino-2-phenylindole or (B and C)
ans ± SD are shown. Student t test (P < .05).
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different results based on the approach used.16,21 Systemic
inhibition of mTOR or Raptor has been shown to diminish
the activity of alkaline phosphatase.16 In this study, we
found no change in alkaline phosphatase activity within villi
between wild-type (WT) and i-TSC1-/- small intestine
(Figure 4A), which indicates normal absorptive cell lineage
differentiation in the absence of TSC1. Secretory cell
differentiation was investigated (Paneth, goblet, and enter-
oendocrine cells) with IHC staining using lysozyme, mucin-
2, and chromogranin A, respectively. We found that
mTORC1 activation through TSC1 ablation in epithelial cells
had no effect on differentiation of goblet and enter-
oendocrine cells (Figure 4B–E). Because Paneth cell turn-
over time is much longer (3 to w8 weeks) than other cell
lineages,24–26 we investigated the long-term (4 weeks) ef-
fects of TSC1 deficiency on Paneth cells. Lysozyme-positive
Paneth cells in WT mice showed a typical clustered pattern
on the bottom of the crypt base. However, lysozyme-positive
cells in i-TSC1-/- crypts were less uniform, yet remained
confined to the crypt compartment (Figure 5A). Despite the
aberrant location of lysozyme-positive cells, the mRNA level
of lysozyme was not changed (Figure 5D). Lysozyme is one
Figure 5. The effects of TSC1 deletion on Paneth cell differe
TSC1(flox/flox) (i-TSC1-/-) mice underwent intraperitoneal injection
weeks later. (A) Representative IHC shows Paneth cells in brown
100 mm. (B) Representative H&E staining shows Paneth cell
(C) Representative IHC shows Paneth cells in brown using anti
(D) Reverse-transcription PCR quantification of lysozyme mRNA
analysis of MMP-7 protein in isolated small intestinal crypt cells
Student t test (P < .05). GAPDH, glyceraldehyde-3-phosphate
of many antimicrobial peptides within the granules of
Paneth cells.27 To see whether TSC1 affects the overall
Paneth cells, H&E-stained small intestine was examined.
Indeed, the granule-containing Paneth cells often were not
clustered on the bottom of i-TSC1-/- crypts (Figure 5B). To
further delineate the effects of TSC1 deficiency on Paneth
cell function, a metalloproteinase (MMP-7) that regulates
intestinal a-defensin activation was measured.27–29 Similar
to lysozyme staining, MMP-7–positive Paneth cells also
clustered on the bottom of WT crypts, but were disorga-
nized in TSC1-deficient crypts (Figure 5C). The expression
level of MMP-7 protein as shown via Western blot assay was
not affected in TSC1-deficient crypts (Figure 5E). These data
indicate that acute activation of mTORC1 in adult mice af-
fects crypt cell proliferation and Paneth cell organization,
whereas goblet, enteroendocrine, and absorptive cell lineage
differentiation remain undisturbed.

Next, we sought to investigate whether the increased
proliferation seen with increased mTORC1 activation would
promote structural adaptation after SBR. This study was
designed to test whether acute enhancement of mTORC1
activity may have therapeutic benefit in the postoperative
ntiation. Villin CreER (�); TSC1(flox/flox) (WT) or Villin CreER (þ);
with tamoxifen for 3 days and small intestine was removed 4
using antilysozyme antibody (n ¼ 4 per genotype). Scale bars:
granules in pink (n ¼ 4 per genotype). Scale bars: 50 mm.
–MMP-7 antibody (n ¼ 4 per genotype). Scale bars: 100 mm.
expression in ileal crypt cells. (E) Representative Western blot
(n ¼ 4 for WT and 5 for i-TSC1-/-). Means ± SD are shown.

dehydrogenase.



Figure 6. Deletion of TSC1 after intestinal resection promotes adaptation and crypt proliferation. Villin CreER (�);
TSC1(flox/flox) (WT) or Villin CreER (þ); TSC1(flox/flox) (i-TSC1-/-) mice underwent SBR and intraperitoneal injection with tamoxifen
for 3 days. The small intestine was removed 2 weeks later. (A) Representative H&E staining of small intestine from SBR (n ¼ 8
per genotype). Scale bars: 100 mm. (B) Crypt depth and villus height measurement of remnant ileum after resection. (C) Crypt
cell proliferation was determined by the number of mitotic cells per crypt, measured by IHC staining using anti–p-HH3 anti-
body. (D) Western blot analysis was performed to confirm TSC1 ablation and mTORC1 activation (n ¼ 8 per genotype).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as loading control. (E) Average weight gain is presented as a
percentage of preoperative weight. Means ± SD are shown. Student t test (*P < .05).
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phase after massive SBR. Therefore, we performed SBR on
Villin-CreER(-); TSC1(flox/flox) or Villin-CreER(þ); TSC1(flox/flox)

mice first. After a 2-day recovery period, we followed up
with TAM injection for 3 consecutive days to activate
Figure 7. mTORC1 activity accounts for TSC1-deficiency–pr
injected intraperitoneally with TAM for 3 days and underwent S
vehicle or rapamycin for 2 weeks. (A) Representative H&E stainin
n ¼ 4 for rapamycin). Scale bars: 100 mm. (B) Crypt depth and
(C) Crypt cell proliferation was determined by the number of m
antibody. (D) Western blot analysis was performed to confirm ra
n ¼ 4 for rapamycin). Means ± SD are shown. Student t test (*
mTORC1 as a means of intervention during the adaptation
process. The magnitude of intestinal adaptation was recor-
ded after 2 weeks. WT mice showed a typical adaptation
response although the response of the i-TSC1-/- mice was
omoted adaptation. Villin CreER (þ); TSC1(flox/flox) mice were
BR 1 week later. The resected mice were treated with either
g of small intestine at the time of harvest (n ¼ 5 for vehicle and
villus height measurement of remnant ileum after resection.
itotic cells per crypt, measured by IHC staining using p-HH3
pamycin inhibition of mTORC1 activity (n ¼ 5 for vehicle and
P < .05).



Figure 8. Acute deletion of Raptor expression in intestinal epithelial cells does not affect small intestinal structure. Villin
CreER (�); Raptor(flox/flox) (WT) or Villin CreER (þ); Raptor(flox/flox) (i-Raptor-/-) mice were injected intraperitoneally with tamoxifen
for 3 days and small intestine was removed 2 weeks later. (A) Western blot analysis confirms Raptor deficiency and mTORC1
pathway inhibition (n ¼ 7 per genotype). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as loading control.
(B) Crypt depth and villus height measurements of WT and Raptor-deficient mice. (C) Crypt cell proliferation was determined by
the number of mitotic cells per crypt, measured by IHC using anti–p-HH3 antibody. (D) Representative H&E staining of small
intestine at the time of harvest (n ¼ 7 per genotype). Scale bars: 100 mm. Means ± SD are shown. Student t test (P < .05).
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much stronger (w20% greater villus growth) (Figure 6A
and B). Crypt proliferation in i-TSC1-/- mice, as shown by p-
HH3 IHC staining, was 44% more than in the WT mice
(Figure 6C). The activation of mTORC1 signaling in resected
mice was confirmed by decreased TSC2 expression and
increased phosphorylation of pS6 and S6K in epithelial cells
(Figure 6D). Despite the increased structural intestinal
adaptation, the i-TSC1-/- mice did not gain more weight
than WT mice at 2 weeks after resection (Figure 6E).

We wanted to confirm that the proliferative and
adaptive responses seen after SBR were owing to mTORC1
activation secondary to TSC1 inhibition rather than an
alternate function of TSC1 protein. To test this, we injected
mice with 3 doses of TAM to delete TSC1 first, waited for a
week, and then performed SBR procedures on i-TSC1-/-
mice. The modified research design was to focus on the
role of TSC1 and simultaneously avoid the stress of
injecting both TAM and rapamycin in postsurgical mice.
After a 2-day recovery, the resected mice were random-
ized and treated with either vehicle or rapamycin (to
inhibit mTORC1) for 2 weeks. We found that adaptation as
well as resection-induced crypt cell proliferation was
diminished by rapamycin treatment in i-TSC1-/- mice
(Figure 7A–C). The inhibition of mTORC1 in the
rapamycin-treated mice was confirmed by Western blot
(Figure 7D). These data clearly verify that the enhanced
proliferation and adaptation seen in TSC1-null mice after
SBR is owing to the activated mTORC1 signaling pathway
within intestinal epithelial cells. It also suggests that
resection-induced crypt cell proliferation could be
modulated by enhancing intestinal epithelial cell mTORC1
activity.
mTORC1 Inactivation in Intestinal Epithelium
Does Not Affect Adaptation

We have established that intestinal epithelial-specific
activation of mTORC1 is capable of enhancing adaptation
after SBR. However, it was not clear after the systemic
rapamycin inhibition study whether mTORC1 signaling in
intestinal epithelium is necessary for normal adaptation to
occur. To investigate this, we bred Villin CreER mice with
Raptor(flox/flox) mice to delete Raptor protein as a means of
inactivating mTORC1 specifically in epithelial cells. The
same experimental design in TSC1 null mice was adopted
for this study. We first confirmed the deletion of Raptor
protein in epithelial cells (Figure 8A). The downstream
protein kinase S6K was phosphorylated at baseline but was
undetectable when Raptor was deleted. In addition, pS6
phosphorylation was greatly reduced in the absence of
Raptor. Despite the lack of mTORC1 signaling in the
i-Raptor-/- mice, the structure of the small intestine did not
change (Figure 8B and D). Rates of crypt cell proliferation
were the same as in WT mice (Figure 8C), which is consis-
tent with previously published data.15 In addition, alkaline
phosphatase activity was not changed, verifying that
enterocyte maturation was not altered (Figure 9A). When
secretory cell lineage differentiation was analyzed via IHC
staining using cell differentiation specific markers, we found
that goblet cells were decreased, whereas enteroendocrine



Figure 9. Acute deletion of Raptor expression in intestinal epithelium affects differentiation. Villin CreER (�); Raptor(flox/flox)

(WT) or Villin CreER (þ); Raptor(flox/flox) (i-Raptor-/-) mice underwent intraperitoneal injection with tamoxifen for 3 days and small
intestine was removed after 2 weeks. (A) Representative immunofluorescence staining shows alkaline phosphatase in red (n ¼
7 per genotype). (B) Representative IHC shows goblet cells in brown using anti–mucin 2 antibody (n ¼ 7 per genotype).
(C) Representative IHC shows enteroendocrine cells in brown using anti–chromogranin A (ChgA) antibody (n ¼ 7 per geno-
type). (D) Quantification of goblet cells based on at least 30 well-orientated villi. (E) Quantification of enteroendocrine cells
based on at least 100 crypt/villus axis. Nuclei are stained with either (A) 40,6-diamidino-2-phenylindole or (B and C)
hematoxylin. Scale bars: (A and B) 100 mm, and (C) 50 mm. Means ± SD are shown. Student t test (*P < .05).
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cells were increased in the absence of intestinal epithelial-
specific Raptor (Figure 9B–E). Lysozyme-positive Paneth
cells were greatly reduced after 4 weeks (Figure 10A). The
granule-containing Paneth cells also were diminished in
Raptor-deficient crypts in H&E-stained tissue (Figure 10B).
Moreover, the expression of MMP-7 also was reduced
dramatically in Raptor-deficient crypts (Figure 10C and F).
Surprisingly, neither lysozyme nor MMP-7 mRNA expres-
sion levels were affected (Figure 10D and E), suggesting that
Raptor protein may have a role in the translational regula-
tion of lysozyme and MMP-7 expression during Paneth cell
maturation.

Sampson et al16 previously showed that mTORC1 activity
is required for crypt regeneration after irradiation-induced
intestinal injury. We therefore sought to determine
whether mTORC1 activity is necessary for resection-
stimulated crypt cell proliferation. A similar strategy was
used in which SBR was performed on Villin CreER(-); Rap-
tor(flox/flox) mice and Villin CreER(þ); Raptor(flox/flox) mice.
Two days after surgery TAM was given via intraperitoneal
injection for 3 consecutive days to inactivate the mTORC1
pathway in the intestinal epithelium. Adaptation was
analyzed 2 weeks later. Remarkably, crypt depth and villus
height in i-Raptor-/- mice was the same as in WT mice
(Figure 11A and B). Crypt cell proliferation, as measured by
p-HH3 IHC, also was not changed (Figure 11C). Blocked
mTORC1 signaling in Raptor-deficient mice was confirmed
(Figure 11D). Despite the normal structural adaptation, the
Raptor-deficient mice had significantly more weight loss
after surgery than the WT mice (Figure 11E).

In summary, our results show that mTORC1 activity in
intestinal epithelial cells is not required for crypt prolifer-
ation and has different effects on enterocyte differentiation.
Furthermore, resection-induced crypt proliferation and in-
testinal adaptation requires systemic, but not intestinal
epithelial-specific, mTORC1 activity. However, stimulation of
mTORC1 in intestinal epithelium increases crypt cell pro-
liferation, which further enhances adaptation after SBR
(Figure 12). The long-term functional significance of
manipulating mTORC1 signaling in intestinal epithelial cells
after small bowel resection remains unclear and will require
further studies.
Discussion
The mTOR signaling pathway has been studied exten-

sively because it is a master regulator of cell proliferation,
growth, and metabolism.3,4,6,30 Historically, the majority of



Figure 10. The effects of Raptor deletion on Paneth cell differentiation. Villin CreER (�); Raptor(flox/flox) (WT) or Villin CreER

(þ); Raptor(flox/flox) (i-Raptor-/-) mice underwent intraperitoneal injection with tamoxifen for 3 days, small intestine was removed
4 weeks later. (A) Representative IHC shows Paneth cells in brown using antilysozyme antibody (n ¼ 4 per genotype). Scale
bars: 100 mm. (B) Representative H&E staining shows Paneth cell granules in pink (n ¼ 4 per genotype). Scale bars: 50 mm.
(C) Representative IHC shows Paneth cells in brown using anti–MMP-7 antibody (n ¼ 4 per genotype). Scale bars: 100 mm.
(D) Reverse-transcription PCR quantification of lysozyme mRNA expression in ileal crypt cells. (E) Reverse-transcription PCR
quantification of MMP-7 mRNA expression in ileal crypt cells. (F) Representative Western blot analysis of MMP-7 protein in
isolated small intestine epithelium (n ¼ 4 per genotype). Means ± SD are shown. Student t test (P < .05). GAPDH,
glyceraldehyde-3-phosphate dehydrogenase.
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these studies were based in cell culture. However, more
recently, studies have emerged with tissue/organ-specific
research that has shown varied physiological functions of
mTOR in adult tissues and during development.12,13,15,16,31

In intestinal tissue, several groups have used various stra-
tegies to manipulate mTOR signaling and have yielded dis-
similar results. For example, using a similar strategy to
constitutively delete mTOR protein specifically in intestinal
epithelial cells,11,16 one group clearly showed a dilated small
bowel with a reduced body weight.11 On the other hand,
another group found that the mTOR-deficient mice have a
shorter small bowel but a similar body weight.16

There is also some controversy regarding the role of
mTOR signaling in intestinal cell differentiation. One report
found that intestinal epithelial-specific mTOR signaling is
required for proper lysozyme transcription in Paneth
cells.16 However, other studies found that mTOR activation
via a constitutive systemic TSC2 mutation also impaired
lysozyme expression in Paneth cells.21 By using an inducible
Cre system to manipulate mTOR signaling in adult intestinal
epithelial cells, we found that Paneth cell differentiation was
indeed regulated by mTORC1 signaling in intestinal
epithelial cells, but via a different mechanism. mTORC1
inactivation does not inhibit lysozyme or MMP-7 tran-
scription, rather, it appears to regulate lysozyme or MMP-7
translation. Activating mTORC1 in intestinal epithelium, on
the other hand, appears to affect Paneth cell clustering on
the base of crypts. Maturation of enterocytes also has been
found to be disrupted in mTOR or Raptor-deficient cells
based on alkaline phosphatase activity.16 In our acute
ablation model, we did not see any alteration in the
expression of alkaline phosphatase in Raptor- or TSC-
deficient mice. These seemingly conflicting studies may be
explained by the different methods used in each study to
manipulate mTOR signaling and may represent different
aspects of regulation during enterocyte differentiation. In
the TSC2 mutant model,21 mTORC1 activation caused by
loss of the functional TSC2 was not confined to the intestine.
The mesenchyme, as well as other tissues, also would show
mTORC1 activity, confounding the autonomous role of
mTOR in intestinal epithelial cells. In the enterocyte mTOR-
deficient model,16 villin Cre was activated from embryonic



Figure 11. Deletion of Raptor expression in intestinal epithelium after small bowel resection does not affect adaptation.
Villin CreER (�); Raptor(flox/flox) (WT) or Villin CreER (þ); Raptor(flox/flox) (i-Raptor-/-) mice underwent 50% SBR, followed by
intraperitoneal injection with tamoxifen for 3 days and small intestine was removed 2 weeks later. (A) Representative H&E
staining of small intestine at the time of harvest (n ¼ 5 for WT and 8 for i-Raptor-/-). Scale bars: 100 mm. (B) Crypt depth and
villus height in remnant ileum after resection. (C) Crypt cell proliferation was determined by the number of mitotic cells per
crypt, measured by IHC staining using anti–p-HH3 antibody. (D) Representative Western blot analysis was performed to
confirm Raptor ablation and mTORC1 inactivation (n ¼ 5 for WT and n ¼ 8 for i-Raptor-/-). Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as loading control. (E) Average weight gain presented as the percentage of preopera-
tive weight. Means ± SD are shown. Student t test (*P < .05).
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day 12.5, which suggests that mTORC1 activity may be
required during the development of Paneth cells as well as
absorptive enterocyte differentiation. The multitude of
differing results illustrates the complexity of the mTORC1
signaling pathway in regulating development and mainte-
nance of the small intestine.

In this study, we investigated the role of mTORC1 during
normal intestinal homeostasis as well as during the adaptive
response after massive SBR. Although inactivating mTORC1
signaling in intestinal epithelium has no effect on intestinal
structure or the adaptive response after resection, we found
that stimulating mTORC1 resulted in enhanced crypt pro-
liferation in adult mice. In addition, we showed that after
massive SBR, adaptation and crypt proliferation were
enhanced further when mTORC1 was activated in remnant
small bowel. The notion that the function of mTORC1 differs
during homeostasis and regeneration after injury has been
established.15,16,32 Constitutively ablating mTOR or Raptor
Figure 12. Summary of mTORC1 regulation of
small-bowel adaptation after resection.
in intestinal epithelial cells has little effect on crypt cell
proliferation and Wnt activity in the normal intestine.
However, when mTORC1 signaling was absent, crypt
regeneration after irradiation injury was compromised.16 In
Apcmin/+ mice, mTORC1 activity is required for Wnt-
mediated intestinal polyp formation, likely via regulating
the translational elongation rate.15,32 Our results support
the notion that mTORC1 regulates intestinal homeostasis
and recovery after injury by different mechanisms. How-
ever, they also provide a clear distinction between the
mechanism behind adaptation and that of Wnt-mediated
crypt growth. Raptor deficiency alone is not sufficient to
alter small intestine proliferation or adaptation after
massive SBR, which indicates pathways other than the Wnt
pathway may be crucial for regulating adaptation.

Inhibiting mTORC1 via rapamycin systemically, but not
by Raptor deficiency in intestinal epithelial cells, blunted
crypt cell proliferation and adaptation after SBR. It is
possible that rapamycin may have other unknown targets
aside from mTORC1 that regulate crypt cell proliferation.
Alternatively, it must be considered that intestinal epithelial
cells possess a redundant system to compensate for the loss
of mTORC1 signaling to maintain proliferation and growth.
However, this theory contradicts the findings that Raptor-
deficient crypts do not grow into organoid outside of the
intestine niche in vitro.15 The more plausible mechanism to
consider is that mTOR signals originating from the mesen-
chyme or the surrounding tissues play a critical role in this
process, given that mTOR functions in a non–cell-autono-
mous manner.30 The critical role of mesenchyme
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subepithelial fibroblasts in maintaining intestinal niche
function was established clearly in a recent report.33 It ap-
pears that non–cell-autonomous mTORC1 signaling is
crucial for the small bowel adaptive response after
resection.

It is well known that nutrients and growth factors can
enhance adaptation after resection.18,22,34 We previously
showed that a high-protein diet improves postoperative
weight gain in resected mice,35 an effect possibly owing to
the higher glutamine levels in the high-protein diet. Gluta-
mine has been shown to stimulate mTOR signaling and
promote crypt expansion.36 Our laboratory previously has
shown that epidermal growth factor (EGF) treatment will
increase the adaptive response after resection.37 Because
EGF stimulation activates phosphatidylinositol 3 kinase, it
may destabilize the TSC1/TSC2 complex, causing increased
mTORC1 activation and enhanced adaptation. Interestingly,
we recently discovered that the intestinal epithelium-
specific EGF receptor is not necessary for adaptation.38

These EGF and mTORC1 studies provide a similar pattern
for how adaptation might be regulated. The crypt niche is
crucial to provide cues for adaptation to occur; when the
cues are present, adaptation can be manipulated in an
enterocyte-dependent manner.
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