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Abstract

mTORCI1 signaling is the prototypical pathway regulating protein synthesis and cell proliferation. mnTORCI is active in stem
cells located at the base of intestinal crypts but silenced as transit-amplifying cells differentiate into enterocytes or secretory
cells along the epithelium. After an insult or injury, self-limiting and controlled activation of mTORCT is critical for the
renewal and repair of intestinal epithelium. mTORC1 promotes epithelial cell renewal by driving cryptic stem cell division,
and epithelial cell repair by supporting the dedifferentiation and proliferation of enterocytes or secretory cells. Under repeated
insult or injury, mTORC1 becomes constitutively active, triggering an irreversible return to stemness, cell division, prolifera-
tion, and inflammation among dedifferentiated epithelial cells. Epithelium-derived cytokines promulgate inflammation within
the lamina propria, which in turn releases inflammatory factors that act back on the epithelium where undamaged intestinal
epithelial cells participate in the pervading state of inflammation and become susceptible to tumorigenesis.
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Introduction

The intestinal epithelium is a single layer of specialized cells
among which enterocytes absorb nutrients, goblet cells pro-
duce mucus, Paneth cells discharge antimicrobial peptides,
and enteroendocrine cells secrete hormones [1, 2]. Owing
to its multiple functions and active metabolism, the epithe-
lium undergoes rapid turnover. As such intestinal epithelial
cells (IEC) regenerate every 4-5 days [3]. Intestinal stem
cells (ISC) residing at the base of the crypts give rise to
all lineages of specialized epithelial cells and thus ensure
the renewal of the epithelium and maintenance of intestinal
homeostasis [4]. The intestinal epithelium constitutes the
first line of defense by maintaining tight junctions, which
seal the space between adjacent epithelial cells thus limiting
the passage of solutes, molecules and microorganisms into
the lamina propria.

Located at the interface with the lumen, the intestinal epi-
thelium is continuously exposed to physical, chemical and
biological insult or injury [5-9]. Strenuous physical activity,
exposure to extreme temperatures, and radiation are a few
examples of physical insults that increase damage suscepti-
bility of the intestinal epithelium [7, 10-12]. Also, chemi-
cal toxins derived from alcohol such as acetaldehyde and
ethanol, negatively impact the tight junctions and increase
the permeability of the epithelial layer [10, 13]. Likewise,
tobacco-specific nitrosamines, polycyclic aromatic hydro-
carbons and heavy metals induce oxidative stress and have
been associated increased risk of intestinal inflammation and
tumorigenesis [14]. The long-term use of drugs such as non-
steroidal anti-inflammatory drugs (NSAID), another form of
chemical insult, can damage the intestinal layer [15]. Physi-
cal and chemical insults not only impair the epithelial barrier
integrity but also cause dysbiosis, an imbalance in the gut
microbiome [16, 17]. Thus, intestinal epithelium requires a
rigorous repair mechanism owing to the frequent events of
physical/chemical/dysbiotic insults.

The mechanistic target of rapamycin (mTORC1) pro-
motes epithelial repair by stimulating stem cell division and
migration from the crypts. Signals from nutrients, such as
amino acids, and from commensal microbiota contribute sig-
nificantly to mTORC1-mediated epithelial renewal [18-22].
But, the renewal of aged or damaged IEC—supported by the
division of stem cells—is not the only means of maintaining
homeostasis.

The epithelial restitution program is activated by a self-
limiting inflammatory reaction, localized to the site of
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damage in which inflammatory cytokines participate in the
repair and renewal of the intestinal barrier [23-25]. Dur-
ing epithelial restitution, differentiated cells located near
the damaged area start to dedifferentiate, reorganize their
cytoskeleton, migrate to the site of injury, and ultimately
redifferentiate to heal the wounded area [24-26]. IEC dedi-
fferentiation program is supported by mediators of prolif-
eration, regeneration and repair, which include mTORCI1,
YAPI, Notchl and WNT/B-catenin. In all, the combination
of confined reparative inflammation, epithelial restitution,
and cellular proliferation constitutes the basis by which the
epithelium rectifies tissue damage.

The Hippo-YAP, Notchl and WNT/B-catenin pathways
responsible for cell growth and proliferation become active
in dedifferentiating IEC undergoing repair [27-34]. These
pathways crosstalk with mTORC1, which regulates pro-
tein synthesis, IEC growth and proliferation [35-37]. Our
work and that of others have shown that mTORCI1 activity
is silenced as IEC differentiate [30, 36, 38, 39]. As would
be expected the YAPI1, Notchl and p-catenin pathways are
also downregulated as epithelial cells attain the final stage
of differentiation. However, this state is reversible and the
reversal is inducible. The reactivation of mTORCI1, Hippo-
YAP, Notchl and WNT signaling pathways is observed in
the intestinal epithelium undergoing regeneration and repair
secondarily to repeated dysbiotic events and physical/chemi-
cal insult [31, 33, 34, 40-44]. However, if unabated, the con-
stitutive activation of mTORC1, YAPI1, Notchl and WNT
provokes unwarranted IEC dedifferentiation and dedifferen-
tiated IEC-derived inflammatory cytokine secretion, which
collectively disrupt intestinal epithelial homeostasis perma-
nently, as seen in individuals harboring single nucleotide
polymorphisms in genes crucial for maintaining intestinal
homeostasis (NOD2, STAT3 and ATG16L1) [45-47]. In this
chain of events, mMTORC1 is closely associated with the acti-
vation of inflammatory mediators, NFkB, STAT3, NLRP3,
that cause chronic epithelial inflammation and an immune
response as inflammatory cytokines elicit the infiltration of
immune cells from the lamina propria to the epithelium [29,
48-52]. The accumulation of pro-inflammatory factors in
the lamina propria also stimulates mediators of unwarranted
proliferation and inflammation within differentiated IEC of
undamaged regions of the epithelium as depicted in Fig. 1.
Eventually, these events result in creating a tumorigenic
microenvironment in the gut wall.

This review examines the contribution of mMTORC1 in
post-insult/injury intestinal repair and tumorigenesis. The
process of intestinal tumorigenesis is driven by transition
between well-regulated mTORCI signaling involved in
intestinal tissue repair and regeneration to dysregulated
constitutively active mTORCI1 signaling, where epi-
thelial cell dedifferentiation and inflammation serve as
driving forces of tumorigenesis. We reviewed the role of

mTORCI in post-insult/injury renewal of the intestinal
epithelium, in response to amino acids and microbiota-
derived signals. The review also describes the molecular
underpinnings of unwarranted epithelial dedifferentiation
and ensuing development of the epithelial inflammatory
profile observed in intestinal inflammatory disorders
(e.g., inflammatory bowel disease, IBD) and inflamma-
tion-mediated tumorigenesis. We summarized the critical
role of interactions of mTORCT1 signaling with the Hippo-
YAP, Notch and WNT/B-catenin signaling pathways in
mediating IEC dedifferentiation and proliferation. Also
included is the crosstalk between mTORC1 signaling with
several mediators of inflammation (NFkB, STAT3 and
NLRP3) which escalate the process of tumorigenesis in
proliferative epithelium.

mTORC1 mediates intestinal epithelium
renewal and regeneration following insult
or injury

mTORCI participates actively in the orderly renewal of
epithelial cells from ISC and thus in intestinal homeosta-
sis. By stimulating protein synthesis, mTORCI1 supports
ISC growth and division into progenitor cells of secretory
cells (e.g., Paneth cells) and nutrient absorptive enterocytes.
When intestinal mMTOR gene is disrupted, mice exhibit small
intestine shortening and epithelial morphology alterations
[53]. mTORCI also controls intestinal adaptation, a pro-
gram deployed to compensate for the loss of cells during
small bowel resection and maintain an adequate crypts-to-
villi ratio [54]. The mTORCT1 signaling is induced in the
intestinal epithelium of mice subjected to various types of
stress, such as DSS-initiated colitis, irradiation exposure,
or ulcer healing, and contributes to epithelium repair post-
injury [49, 53-57]. Tissue repair is mediated by reparative
inflammation, epithelial restitution, and cellular prolifera-
tion, which may act individually or in coordination [26].
Reparative inflammation is orchestrated by cytokines, such
as TGFp, which drive epithelial restitution [24]. The Erk/
mTOR signaling contributes to epithelial restitution by
activating TGFp-induced expression of FAK [57]. FAK is a
tyrosine kinase within the focal adhesion complex; it medi-
ates cell motility required during epithelial homeostasis and
restitution [58]. FAK is activated in areas near the site of
epithelial damage in mice having ulcers and in motile cells
of expanding IEC-6 monolayers, suggesting that FAK helps
in wound healing process post-insult/injury [59]. Blockade
of Erk and mTORC1 by MAPK kinase inhibitor and rapamy-
cin, respectively, impaired TGFf-induced FAK protein syn-
thesis and wound closure in IEC monolayers [57]. Following
epithelial restitution, mTORCI1 supports cell proliferation
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Fig. 1 Role of mTORCI in intestinal epithelial cell dedifferentia-
tion, inflammation and consequent tumorigenesis. (i) In healthy epi-
thelium, mTORC1 signaling, the mediators of proliferation (YAPI,
Notchl and WNT/B-catenin) and inflammation (NFkB, STAT3 and
NLRP3) are downregulated. (ii) Upon minor damage, the epithelium
undergoes localized repair promoted by mTORC1-dependent activa-
tion of mediators of cellular restitution, proliferation and inflamma-
tion. During this process, healthy epithelial cells located near the site
of injury start to dedifferentiate, migrate to the site of damage, divide,
and redifferentiate to seal the wounded area. (iii) Upon repeated

and prevents cell death by inhibiting apoptosis, thereby con-
tributing to wound healing and re-establishment of epithelial
barrier [18, 19, 60, 61].
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dysbiotic, physical, or chemical insults, the epithelial repair process
becomes dysregulated. As a result, mMTORC1 becomes constitutively
active in the IEC of the epithelium undergoing dysregulated repair
leading to their aberrant dedifferentiation and proliferation, and to
the excessive secretion of pro-inflammatory cytokines from dediffer-
entiated IEC. (iv) Pro-inflammatory cytokines released by dediffer-
entiated IEC induce an inflammatory response involving cells of the
innate and adaptive immunity of the lamina propria. (v) The inflam-
matory response reaches healthy regions of the epithelium placing
them at risk of developing tumors

Contribution of intestinal mTORC1 to epithelium
renewal under amino acid-rich and amino
acid-deficient conditions

Amino acids stimulate mTORCI1 signaling through lysoso-
mal RagGTPases (which are heterodimers of RagA, RagB,
RagC and RagD) and Ragulator, a pentameric complex
acting as lysosomal tether [62]. The availability of amino
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acids primes mTORCI for activation by its translocation
from cytosol to the lysosomal surface via GTP-bound Rag
heterodimer. Rag heterodimers interact with Ragulator,
which enables tethering of mTORCI1 to lysosomes [63].
The lysosomal localization of mTORCI, places mTORC1
in the close proximity of Rheb, a GTP binding protein and
activator of mMTORC1 signaling [63]. Although the inter-
play between mTORC1 and amino acids has been described,
the contribution of their interaction in intestinal epithelium
renewal post-insult/injury is not well understood.

Amino acids, such as glutamine, effectively enhance
enterocyte growth in intestinal porcine epithelial cells
(IPEC-1) in an mTORC1-dependent manner [20]. Similarly,
arginine and lysine induce mTORCI1 signaling in rat IEC
[64]. One mechanism by which dietary amino acids promote
epithelial renewal and regeneration is through mTORC1’s
coordination of polyamine synthesis [65]. Polyamines can
be synthesized by decarboxylation of amino acids (proline,
methionine, arginine and ornithine) [66—68] and utilized as
energy source by actively dividing IEC [67]. The activity of
ornithine decarboxylase (ODC), a rate-limiting enzyme in
polyamine synthesis, is significantly increased in intestinal
cells undergoing recovery and regeneration [67, 69]. Its inhi-
bition depleted cellular polyamine stores and significantly
reduced the rate of healing in IEC recovering from insults
[69]. In this context, mMTORCI bolstered polyamine syn-
thesis and cell proliferation by stimulating the translation
of ODC mRNA [65]. Intestinal polyamine synthesis is also
likely regulated by mTORC1-independent pathways since
rapamycin partially inhibited cellular proliferation and ODC
mRNA translation in IEC-6 cells [65].

Furthermore, treatment with amino acid-based oral rehy-
dration solution (AA-ORS), consisting of valine, threonine,
serine, tryptophan and tyrosine enhanced the number of
actively proliferating crypt cells thus contributing to the
restoration of adequate crypt/villus ratio in intestine of
mice subjected to lethal dose of radiation [7]. AA-ORS
administration increased the expression of cryptic stem cell
marker Lgr5 and induced epithelial MAPK/PI3K signaling
(p-Erk and p-Akt) thereby supporting the proliferation and
migration of stem cells, increasing the number of function-
ally mature differentiated epithelial cells in villi, improv-
ing glucose absorption by enterocytes, and supporting the
curtailment of apoptosis in irradiated intestines [7]. Con-
sistent observations were made upon exogenous glucagon-
like peptide 2 (GLP-2) treatment [70]. GLP-2 is secreted
by enteroendocrine L-cells of the distal small intestine and
proximal colon [71]. It promotes lysine transport in murine
small intestine through mTORC1 [72]. GLP-2 treatment
protected against intestinal mucosal atrophy by activat-
ing the EGFR/Erk signaling, which participates in epithe-
lial cell renewal, and restoration of crypt depth and villus
height [70]. Although mTORCI activity markers were not

determined in these studies, EGFR/Erk/mTORCI1 and Akt/
mTORCI1 connections have been documented [73]. Moreo-
ver, there is evidence that Glp2r—/— mice exhibit impaired
activation of mMTORCI1 signaling in response to oral protein
supplementation in mice [72], suggesting a link between
GLP2R and mTORCI signaling.

Amino acid-mediated activation of intestinal mTORC1
participates in maintaining epithelial barrier function, which
becomes disrupted in the event of exogenous microbial
infection or dysbiosis [19, 74]. Barrier disruption stems from
an inflammatory reaction carried out mainly by mucosal
immune cells, which are attracted to the site of insult by
chemokines released by IEC that have been colonized or
invaded [74]. Infectious agents such as Pseudomonas ento-
mophila repressed translation and consequently epithelial
renewal by downregulation of mTORCI signaling in dros-
ophila gut [5]. Conversely, glutamate-mediated activation of
mTOR signaling enhanced the renewal of mucosal epithe-
lium (increase in villus/crypt ratio) and expression of tight
junction protein (claudin-1), increased the expression of
markers of enterocyte differentiation (sucrase, maltase and
lactase), and inhibited markers of epithelial inflammation
(TLR4, MyD88, IRAK1, TRAF6 and NOD2) in intestinal
epithelium of LPS-challenged pigs [18].

There is evidence that mTORC1 inhibition protects from
the detrimental effects of NEAA (non-essential amino acids)
deprivation on the epithelial barrier function in IPEC-1 cells
[75]. NEAA deprivation compromised transepithelial resist-
ance, lowered the expression of tight junction proteins (clau-
din-1 and ZO-1) and thus increased epithelial permeability.
In this context, rapamycin ameliorated NEAA-induced bar-
rier dysfunction through protective autophagy, which coun-
teracted the apoptotic events responsible for compromising
the epithelial barrier function [75].

Role of intestinal mMTORC1 in microbiota-mediated
epithelium homeostasis

Commensal microbiota and their metabolites are key
extrinsic factors regulating epithelial turnover and con-
tributing to intestinal homeostasis. The comparison of
intestinal homeostasis in germ-free versus conventional
mice revealed that commensal gut bacteria are critically
important for maintaining intestinal stem cell niche.
Germ-free mice exhibit lower mitotic index, fewer divid-
ing cells, and smaller crypt regions as compared to con-
ventional mice [76, 77]. Conventionalized mice showed
altered expression of proliferation genes (Lgr5, Gata4,
Gata6 and Bmp4) in ISC [78]. This suggests that epithe-
lium renewal is diminished in germ-free mice or antibi-
otic-treated specific pathogen free (SPF) mice [22, 76,
77,79, 80]. However, treatment with metabolites of gut
bacteria or the conventionalization of germ-free mice can
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restore epithelial turnover [22, 81]. Although mTORC1
is implicated in the regulation of crypt stem cell mitosis,
the nature and extent by which the mTORCI1 signaling
integrates signals from commensal bacteria to promote
epithelium renewal lacks clarity.

MAPK/mTORCI signaling is involved in the resto-
ration of epithelium renewal in antibiotic-treated SPF
mice. Treatment of SPF mice with antibiotics nega-
tively impacted Gram-positive microbiota in the gut of
the treated mice leading to reduced cellular proliferation
and migration along the villus [22]. This coincided with
decreased cyclin D and reduced number of Ki67+ cells
in the crypt region of the ileum. In addition, antibiotic
treatment led to significant reduction in the activity of
MAPK kinase such as p-Erk. The common substrate of
MAPK and mTORCI1 pathways, ribosomal S6 protein,
also showed a decrease in expression, although it did not
reach statistical significance. The proliferation of crypt
cells and intestinal organoids was re-established (via
induction of p-Erk) upon short-chain fatty acids (SCFA)
supplementation [22]. Although, there is insufficient evi-
dence to suggest that mMTORC1 and SCFA coordinately
support epithelium renewal, a strong link between the
MAPK and mTORC1 pathways justifies further studies.

Paradoxically, SCFAs have been shown to inhibit the
growth of actively dividing cryptic stem cells and colon
cancer cell lines [82, 83]. Evidence showed that butyrate
and propionate can lower the ATP/AMP ratio thereby
upregulating AMP-activated protein kinase (AMPK), a
negative regulator of mTORCI signaling [84]. In doing
so, butyrate and propionate inhibit mTOR, and induce
protective autophagy in human colon cancer cells [84].
The inhibition of cell growth and proliferation-promoting
kinase, such as mTOR, explains the negative effect of
SCFA on the expansion of cryptic stem cells.

Dysbiotic events also disrupt the epithelial homeo-
stasis by negatively affecting the epithelial barrier
function, anti-microbial peptide and mucus secretion;
ultimately leading to the induction of mucosal inflamma-
tory response [74, 85]. Activation of mMTORCI signaling
improves endotoxin-induced amelioration of epithelial
barrier function and epithelial renewal by enhancing pro-
liferation and reducing IEC death [18, 60, 61]. Addition-
ally, mTORCI protects epithelial layer from microbial
invasion by upregulating anti-microbial peptide synthesis
in Paneth cells. Knockdown of Mtor and Stat3 perturbates
SCFA-mediated induction of anti-microbial peptide syn-
thesis in Paneth cells [86]. Thus, mTORCI1 activity in
various IEC lineages is differentially regulated by SCFA.
More studies are needed to better understand the contri-
bution of mTORCI in intestinal renewal in response to
commensal microbiota and their metabolites.

@ Springer

mTORC1 hyperactivation intensifies
epithelium dedifferentiation, gut
inflammation, and drives tumorigenesis

Owing to its role in epithelium repair and regeneration, the
unabated activation of intestinal mMTORC1 brought about
by repeated insult or injury to the mucosa has been linked
to abnormal cell dedifferentiation, escalation of gut inflam-
matory response, and tumorigenesis [9, 30, 49-52, 56, 87,
88]. While the pathophysiology of neoplasm derived from
actively dividing stem cells is well established, tumors of
the liver and pancreas—organs lacking reservoir of stem
cells and exhibiting slower turnover—suggest that neo-
plasia can also arise from mature epithelial cells under-
going dedifferentiation [89]. This is seen in the intestine
where differentiated IEC, under stress or while harboring
genetic defects, acquire stem cell-like characteristics [29,
89, 90]. The re-entry in cell-division cycle can activate
these mutations and lock these cells in an irreversible state
of proliferation, disposing them to become neoplastic [91].
The degree of IEC differentiation dictates the prognosis of
colorectal adenocarcinoma. Hence, the 5-year survival rate
is markedly lower (31%) for poorly differentiated adeno-
carcinoma cells as compared to that of well-differentiated
adenocarcinoma cells (72%) [92]. Conversely, induction
of IEC differentiation imposes a tumor suppressive effect
by repressing cell proliferation, migration and invasion in
colon cancer cells and murine colon tumors [93-96].
The mTORCI1 pathway is activated in cells bearing
genetic mutations in tumor suppressor genes such as Apc,
Kras, P53 and Rb [55, 88, 97-99]. Mutations in Apc,
Kras and P53 act cooperatively to progress adenomas
into invasive intestine carcinomas. The progression of
P53 and KRAS mutant CRC remains largely dependent
on Apc mutation [100]. It stems from the robust control
of Apc over cell fate in murine small intestine [32, 101,
102]. In Apc-deficient intestine, the crypt—villus structures
become unidentifiable, the crypt regions appear extended,
and the epithelium is repopulated with crypt-like cells
[32, 102]. This is accompanied by declining expression
of enterocyte markers (alkaline phosphatase and villin),
goblet cell marker (Ulex europaeus agglutinin type 1),
and enteroendocrine lineage marker (chromogranin) [100,
102]. The rate of proliferation and expression of Mdm?2
was enhanced in pre-malignant crypt-like cells [32].
Conversely, Apc restoration stimulated IEC differentia-
tion, which was marked by the reappearance of secretory
cells and enterocytes expressing differentiation-associated
markers; and resulted in regression of colorectal adenocar-
cinoma [100]. Loss of Apc often coincides with activation
of intestinal mTORCI1 [55, 97, 98]. In contrast, rapamycin
repressed translation elongation in Apc mutant mice and
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consequently decreased polyp formation, indicating the
oncogenicity of Apc mutants hinges on mTORCI1 signaling
[97]. The constitutive activation of mMTORCI achieved by
TSC2 knockdown (repressor of mTORCI signaling) also
results in the loss of goblet and Paneth cell differentiation
in vivo and in vitro [50, 103]. mTORC1 hyperactivation
repressed the expression of MUC?2, a marker of goblet cell
differentiation [103, 104]. MUC2 downregulation corre-
lated with poor prognosis in colon cancer patients [105].
Mechanistically, MUC2 depletion enhanced the secretion
of proinflammatory cytokine IL6 by the epithelium; IL6
promotes cell proliferation and migration in colon cancer
cell line [105]. This supports the role of mTORC1 hyper-
activation in driving dedifferentiation-mediated tumori-
genesis either alone or in coordination with mutated tumor
suppressor genes, Apc, P53 and Kras.

Another implication of mTORC1-mediated IEC dedif-
ferentiation is elevated inflammatory profile of the intestinal
epithelium (Fig. 1) [50]. The rising levels of pro-inflammatory
cytokines derived from dedifferentiated IEC, prompt mac-
rophage and neutrophil infiltration from the lamina propria
into the epithelium and further the inflammatory responses in
intestine [49-51]. Placed under inflammatory stress, epithelial
cells acquire stem cell-like properties allowing them to divide
and migrate along the epithelium [6, 29, 90, 106, 107].

Recently, the constitutive activation of mTORC1 was
shown to upregulate epithelial secretion of COX-2, IL6, IL1
and IL17; and consequently enhance Th17 immune cell infil-
tration in the epithelium [49]. mTOR promoted epithelial
inflammation by physically interacting with NLRP3 inflamma-
some in IEC [48]. Moreover, mMTORC1 and STAT-3 activation
coincided with higher expression of inflammatory cytokines
(IL-6, TNFa, IL12a, IFNy and IL10) and formation of pol-
yps in the colon of mice with colitis associated cancer (CAC)
[87]. Conversely, the administration of mMTORC1 inhibitors,
RADOO1 and Everolimus, improved epithelial inflammation,
polyp and tumor formation in the colon tissue of colitis mice
harboring constitutively active JAK-STAT [56] or 1110 deletion
[51]. Thus, strong evidence links mTORCI1 hyperactivation
with IBD and inflammation-induced CRC [9, 49, 51, 56, 87,
88], suggesting mTORC1-mediated epithelial inflammation
predisposes an organism to tumorigenesis. Moreover, patients
with inflamed colon are at higher risk of developing colon
cancer than control subjects [108, 109]. The molecular mecha-
nisms involving intestinal mMTORCT in IEC dedifferentiation,
inflammation and tumorigenesis are reviewed next.

mTORC1 drives IEC dedifferentiation,
epithelium inflammation and consequent
tumorigenesis through interactions

with the YAP1, Notch1 and WNT
proliferation-promoting pathways

Epithelial mTORCI1 interacts with the YAP1, Notchl and
WNT pathways to enhance cell dedifferentiation and give
rise to chronic intestinal inflammation and inflammation-
mediated tumorigenesis (Fig. 2). This section describes
the mechanistic basis of these interactions and their impli-
cations for intestinal tumorigenesis following epithelial
dedifferentiation and inflammation.

YAP1 and mTORC1

YAPI is an oncogene conserved from yeast to humans
and crucial component of the Hippo pathway [110]. Sig-
nal transduction through the Hippo pathway leads to the
phosphorylation-dependent activation of various kinases
including MST1/2 (mammalian STE20-like serine/threo-
nine kinase1/2). Once phosphorylated, MST1/2 associates
with hMOB1 (human Mps one binderl) and LATS1/2
(large tumor suppressor serine/threonine kinase1/2) form-
ing a complex that phosphorylates and in turn represses
proto-oncogenes YAP1 (Yes associated protein 1) and
TAZ (transcription co-activator with PDZ-binding motif)
(Fig. 2) [43, 111].

YAP1 protein, whose expression is mostly restricted to
intestinal crypts, facilitates epithelium renewal and repair
by promoting the proliferation of stem cells residing at the
base of the crypts [31]. However, epithelial YAP1 is asso-
ciated with reduced number of mature goblet and Paneth
cells in the small intestine and conversely with enhanced
growth of undifferentiated progenitor cells. This is because
YAPI overexpression not only promotes the expression of
stem cell markers in cryptic stem cells but also in other-
wise differentiated intestinal epithelium causing IEC to
dedifferentiate and proliferate [31, 112]. As a result, mice
with YAPI1 overexpression exhibit markedly lower intes-
tinal alkaline phosphatase activity and overall poor tissue
differentiation in YAP1-positive villi [112]. In contrast,
differentiated enterocytes, goblet and Paneth cells reap-
peared once YAP1 protein expression returned to baseline
in these mice.

As shown in Fig. 2, YAP1 stimulates mMTORCI1 signal-
ing through miR-29-mediated downregulation of PTEN
protein; PTEN negatively regulates the PI3K/mTORCI1
signaling [113]. Indeed, YAP1 plays a rate-limiting role in
PI3K/mTORCI1-mediated cellular proliferation and tissue
growth [114, 115]. In addition, YAP1 positively regulated
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coreceptor or APC mutation, the kinase activity of GSK3 is impaired.
As a result, GSK3 is unable to phosphorylate TSC2 (Ser1337,
Ser1341), thus TSC2 is destabilized and cannot repress mTORC1
signaling. (iii) When LATS1/2 is degraded by Regy or when MST/

cell proliferation and mTORCI1 activity by increasing the
expression of amino acid transporters, SLC38A1 and
SLC7AS, in hepatocellular carcinoma (HCC) tumors
[115].

Conversely, mTORCI stimulates YAP1. Constitutive acti-
vation of mMTORCI, following the deletion of tuberous scle-
rosis complex 2 (TSC2, a conserved inhibitor of mMTORC1),
led to YAP1-mediated aberrant proliferation and survival
of TSC2 deficient cells [116]. These cells had high levels
of YAPI, in part, due to the repression of autophagy by
mTORCI. The inhibition of mTORCI] restored autophagy
which in turn led to autophagy-mediated YAP1 degrada-
tion, repressed cell proliferation and enhanced apoptosis
[116]. The inhibition of mTORCI1 by rapamycin also led to
the regression of YAP1-positive HCC tumors in mice with
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LATS kinases are inhibited, YAP/TAZ is not phosphorylated, and
thus is active and able to translocate to the nucleus. Nuclear YAP1
stimulates the PI3K/AKT/mTORCI signaling via miR-29-mediated
degradation of PTEN. These interactions stimulate mTORCI, which
induces the expression of stem cell markers, upregulates protein syn-
thesis, promotes cell growth and cell proliferation causing the dedif-
ferentiation of IEC

constitutive YAP1 expression [115]. This shows that YAP1-
mediated tumorigenesis is, in part, regulated by mTORCI.
Overall, YAP1 and mTORCI1 co-regulate cell size, tissue
development and hyperplasia [113].

The sustained activation of YAP1 and mTORCI is asso-
ciated with intestinal inflammation and cancer. Abnormally
high YAP1 expression is observed in colon biopsies of
Crohn’s disease (CD) patients and colitis mice treated with
DSS and TNBS (2,4,6-trinitrobenzenesulfonic acid) [44,
117, 118]. Apc, one of the most commonly mutated gene
in CRC, leads to the activation of YAP1 [28] and mTORC1
[55,97] and in turn results in the loss of differentiated secre-
tory/enterocyte cells, aberrant IEC proliferation, and intes-
tinal tumorigenesis [27, 31, 32, 56, 100]. However, differ-
ent research groups reported that the inhibition of YAP1 or
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mTORCI1 in Apc mutant mice can help mitigate intestinal
cancer by decreasing the number and multiplicity of tumors,
and by restoration of differentiated cells in the epithelium
[27, 28, 31, 35, 50].

Evidence indicates that YAP1 regulates the pro-inflam-
matory NFkB signaling. Indeed, repressors of YAP1, such
as LATS1/2, suppress inflammation by downregulating
NFkB expression. Mechanistically, LATS2 competes with
TAK1 for interaction with IKKf thereby blocking the for-
mation of active TAK1-IKKf complex and the phospho-
rylation of transcription-competent NFkB p65 [119]. Con-
sequently, LATS2-mediated inhibition of YAP1 and NFkB
signaling downregulates the expression of pro-inflammatory
cytokines and their tumorigenic effects. However, the protec-
tion afforded by LATS1 lessens when the 11S REGy, which
is overexpressed in the gut of CRC individuals, degrades
LATS]1 via the proteasome. In the end, high expression of
REGy, YAPI1 and NFkB concomitantly occurs in CRC and
correlates with a low survival rate in CRC patients [120].

Intestinal YAP1 and mTORC1 are known to mediate
the effects of IL-6 family of cytokines on gut homeostasis.
Recent study revealed that transgenic mice with mutated
epithelial gp130 receptor (IL-6 family cytokine receptor)
harboring constitutively active JAK-STAT signaling exhibit
aberrant IEC proliferation characterized by deeper crypts,
and loss of differentiation marked by low alkaline phos-
phatase activity and low number of secretory cells [27, 28].
The colonic mucosa also exhibited immune cell infiltration
and elevated gene expression of pro-inflammatory cytokines.
In these mice, the inhibition of YAP1 or Notch signaling,
but not MEK or PI3K/mTORCI1 signaling, lessened IEC
proliferation and restored the abundance of secretory cells.
This suggests that YAP1 and Notch1 are upstream drivers
of IL-6 mediated intestinal dysfunction [27, 28]. However,
Thiem et al. showed that the targeted inhibition of mMTORC1
was sufficient to reduce the number, size and multiplicity of
inflammation-derived gastrointestinal tumors in mice with
gp130 constitutive activation [56]. The discrepancy may
stem from the different approaches adopted to attain con-
stitutive activation of gp130-JAK-STAT3 signaling in the
two mouse models. In frame deletion of S187-Y190 amino
acids in IL6ST gene encoding gp130 coreceptor was used
by Taniguchi et al.; whereas, Thiem et al. used knock-in
mutation to disrupt the negative feedback loop mediated by
SOCS3 to hyperactivate gp130 receptor-dependent STAT3
signaling in transgenic mice [27, 28, 56, 121].

In a co-culture model of colon epithelial cells and mono-
cytes designed to study the effects of a pro-inflammatory
microenvironment on tumor growth, Yen et al. found that the
differentiation of monocytes to pro-inflammatory M2 mac-
rophages was hindered if YAP! was silenced in colon epithe-
lial cells [122]. YAPI-silenced colon epithelial HCT-116 and
DLD-1 cells were also less responsive to IL-6. The silencing

of YAPI in these colonocytes led to the downregulation of
oncogenic markers (GTPase KRAS and mTOR), pro-M2
polarization markers (IL-4 and IL-13) and mesenchymal
marker (vimentin) [122]. Furthermore, key characteristics
of tumorigenesis such as cell migration, invasion and colony
formation were weakened in cells subjected to YAPI silenc-
ing. Other approaches aimed at lowering inflammation-
derived tumorigenesis through the inhibition of YAP1 have
been described, such as the use of phytochemical extract or
microRNA technology [122]. For instance, YAP1, mTOR
and p-catenin inhibition by Ovatodiolide, a bioactive phyto-
chemical purified from Indian catmint (Anisomeles indica),
reduced tumor growth in mouse xenograft model of CT26
mouse colon cancer cells [122]. CRC and colitis were alle-
viated in CRC cells, colon of CRC xenograft mouse model
and TNBS-induced colitis mice by miR-590-5P-mediated
degradation of YAP1 upon transfection of mi-590-5P mim-
ics to CRC cells and colitis mice [118, 123]. Paradoxically,
miR-590-5P was shown to activate PI3K/AKT/mTORC1
via degradation of PTEN and thus to promote cell prolif-
eration [124].This shows that, in certain situations, YAP1
and mTORCI1 function independently of each other. It is
also worth mentioning that even though overexpression of
YAPI and mTORCI is associated with colitis and CRC, the
processes of intestinal regeneration and tissue repair largely
depend on their expression [27, 28, 35, 51, 112, 120], thus
their constitutive inhibition in intestinal tissue will inter-
fere with post-insult/injury regeneration of the intestine
[42, 111]. However, the targeted inhibition of YAPI and
mTORCI in tumors is a conceivable strategy to treat YAP1/
mTORCI1 mediated inflammation and tumors without inter-
fering with tissue regeneration and repair.

Notch1 and mTORC1

The Notch signaling plays a central role in determining
the fate of intestinal epithelial cells [33], in particular, it
contributes to expanding the pool of progenitor cells while
inhibiting cell differentiation and lineage commitment [34].
Ligands, such as Delta and Jagged, activate the Notch sign-
aling by catalyzing a series of proteolytic cleavages in the
Notch receptor thereby liberating the Notch intracellular
domain (NICD), which goes on to induce the transcription
of various Notch target genes including HES and C-MYC
(Fig. 2). The simultaneous activation of Notch and mTORC1
signaling has been shown to block the differentiation and
function of goblet and Paneth cells in the intestinal epi-
thelium [103]. The exact crosstalk between mTORC]1 and
Notch signaling needs to be elucidated. However, NICD
overexpression or stimulation has been shown to activate the
Akt-mTORCI signaling by an unknown mechanism (Fig. 2)
[125-127]. Conversely, mnTORCI stimulates the Notch sign-
aling. Specifically, the expression of Notch transactivator
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NICD and Hes1, a Notch-specific transcription factor [40],
were induced upon Tsc2 inactivation [103]. In contrast,
rapamycin inhibited mMTORC1 and Notch1 signaling in the
intestinal epithelium of Tsc2 mutant transgenic mice. This
resulted in attenuation of mMTORC1-Notchl induced dedif-
ferentiation of goblet and Paneth cells in murine intestine,
and higher count of MUC?2 and lysozyme expressing cells
in these mice [103]. Thus, the downregulation of mMTORC1
and Notchl activity is associated with the differentiation of
intestinal goblet and Paneth cells [103]. Moreover, down-
regulation of MUC?2 positively correlated with elevated
IL6 proinflammatory signaling in human CRC cells, ulti-
mately promoting colon cancer metastasis [105]. There-
fore, mMTORC1/Notch1-mediated IEC dedifferentiation and
inflammation contribute to progression of colon cancer.

Induction of colitis is associated with an increase in the
expression of HES1, which blocks the expression of gob-
let cell lineage commitment marker, MATH1 and HATH],
in mouse and human intestine, respectively [128, 129].
Decrease in HATH1 expression and goblet cell count were
observed in the gut of ulcerative colitis (UC) patients. This
effect was attributed to the aberrant expression of HES1 and
disappearance of causal type homeobox 2 (CDX2), a gene
associated with IEC differentiation [129]. Blocking Notch
signaling in the initial phase of colitis by dibenzazepine
(DBZ) prevented the reduction in goblet cells. This initial
observation was supported by the upregulation of goblet
cell markers, Mathl and Muc2, in the epithelium of DSS/
DBZ-treated mice [128]. Moreover, the expression of pro-
inflammatory cytokines (IL1f, IL6) and metalloproteinases
(MMP)-3 and 9 were reduced in DSS/DBZ-treated versus
DSS only-treated mice. Overall, inhibition of Notch signal-
ing enabled colon healing and inhibited intestinal inflamma-
tion by preserving goblet cell differentiation in DSS-induced
colitis [128].

Currently, there is no evidence to suggest that mTORC1
hyperactivation inhibits MATH1 or HATH1; however, rapa-
mycin inhibits HES1, and HES1 inhibits HATHI [103, 128,
129]. Therefore, it is expected that mTORC1 and Notch
signaling promote inflammation by downregulating goblet
cell differentiation and mucin secretion, in part, via suppres-
sion of MATHI1/HATHI. It is worth mentioning that the
expression levels of HESI and HATH vary depending upon
the severity and type of gut inflammatory disorder [130].
Biopsies from IBD colons revealed that HATH1 expression
were higher in CD patients than UC patients [130]. Gerse-
mann et al. reported that HATH expression was positively
correlated with that of HESI, MUCI, MUC2 and MUC4
in control and IBD patients [130]. This is explained by the
compensatory mechanism intended to induce the differentia-
tion of goblet cells to overcome continuous loss of IEC in
the inflamed colon of CD and UC patients. However, goblet
cells exhibit defective differentiation under inflammatory

@ Springer

conditions ultimately rendering the compensatory mecha-
nism futile.

Regarding GI health, growing evidence indicates that cell
signaling between mTORC1 and Notchl is implicated in
intestinal inflammation and inflammation-mediated CRC.
Notchl overexpression drives the activation of mTORC1
signaling in colon cancer cell lines [127]. In contrast, the
mTORC1/2 inhibitor, Torinl, downregulated Notchl and
other markers of proliferation and stemness (Ki67, DLLI,
DLLA4, Lgr5, and CD44), which collectively slowed down
the growth of CRC xenografts in nude mice [131]. Stud-
ies in CRC cell lines indicated that apoptosis is a possible
mechanism by which the simultaneous inhibition of Notchl
and mTORC1 signaling leads to cancer regression [127,
131]. Furthermore, curtailment of Notch1/2/3 and target
gene Heyl1 also led to regression in growth and migration
of colon cancer cells. Downregulation of Notch signaling
was accompanied by increased apoptosis of cancer cells.
Inhibition of Notch signaling led to re-expression of tumor
suppressor miR-200 family, which were previously down-
regulated in colon cancer cells [132].

Although increased expression of colonic mTORCI,
Notchl, Jagged1 and NICD was observed in DSS and TNBS
models of acute colitis, Notch1 also functions independently
of mTORCI1 [37, 42, 87, 128, 133, 134]. DSS treatment led
to the activation of Notchl in a transgenic mouse model
of claudin-1 (Cldnl) overexpression, associated with IEC
dedifferentiation and colorectal cancer. Upon DSS treat-
ment, activation of Notch1 signaling resulted in the decline
of MUC2 expression and loss of goblet cell differentiation
in Cldnl transgenic mice [135]. These events intensified
the susceptibility of the transgenic mice to develop inflam-
mation-driven colon cancer [135]. Similarly, activation
of Notch signaling coincided with the loss of goblet cell
function in jejunum and colon; and reduced Paneth cells
in jejunum in mice [136]. The defective lineage commit-
ment disrupted the epithelial barrier function, which in turn
caused inflammatory markers to rise in the intestinal mucosa
[136]. Notch signaling is also induced by inflammatory fac-
tors acting through Toll-like receptor 5 (TLRS) resulting in
activation of NFkB signaling and consequent IL-6 synthesis.
In this context, inhibition of the Notch signaling amelio-
rated IL-6 production and improved disease features, such
as colon length, mouse body weight, and colitis histological
markers [37].

However, long-term inhibition of the Notch signaling
can disrupt intestinal homeostasis. Studies in azoxymethane
(AOM) + DSS-treated mice showed that Notchl inhibition
drives CAC by inhibiting the expression of MMP-9. MMP-9
has been shown to positively control the expression of cell
cycle regulators (p53, Bax-1, p21WVAFYCiPly in mice intestine
[134, 137]. Consequently, Notch1 inhibition by y-secretase
increased the number of polyps and tumors, infiltration of
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neutrophils, and dysplasia in colon tissue of DSS-treated
mice [134, 137].

WNT and mTORC1

The WNT/B-catenin pathway is one of the main signaling
pathways regulating the proliferation and differentiation of
IEC [32, 55, 97, 138]. The pathway is upregulated in undif-
ferentiated and dividing cells. High expression of WNT and
B-catenin, but low expression of alkaline phosphatase, are
observed in M2 macrophage cocultured Caco-2 and mucosa
of UC patients [139, 140]. mTORC1, which is positioned
downstream of WNT/B-catenin, is active in the colon of UC
patients [141]. WNT signaling is negatively regulated by
APC, a gene encoding an essential scaffolding protein of
B-catenin destruction complex. The p-catenin destruction
complex directs -catenin toward proteasomal degradation
thereby preventing its nuclear translocation. In contrast,
loss-of-function mutation in APC, as seen in most cases
of intestinal cancer, disrupts the formation of the f-catenin
destruction complex and thus stabilizes p-catenin (Fig. 2)
[101]. This aids in the formation of -catenin/TCF complex
in the nucleus, and in turn, in the constitutive transcription
of WNT target genes involved in cell dedifferentiation and
proliferation, such as C-MYC and CYCLIN DI [32, 100,
101]. Constitutive activation of WNT signaling also pro-
motes inflammation due to signal transduction through the
WNT, JAK/STAT and NFkB pathways [29, 142—144]. The
combination of WNT-driven dedifferentiation and inflamma-
tion has been shown to lower the abundance of absorptive/
secretory IEC and drive tumorigenesis [29].

B-Catenin/TCF expression negatively correlates with the
degree of differentiation and promoter activity of gene mark-
ers of cell differentiation, such as alkaline phosphatase and
fatty acid-binding protein in Caco-2 cells [143]. The expres-
sion of differentiation-inducing gene CDX2 was induced
upon inhibition of WNT/B-catenin and restoration of wild-
type APC in CRC cells [138]. Germline deletion of Tcf4 in
transgenic mice provoked the differentiation of stem cells
in intestinal crypts and decline of dividing cells in the gut
[142]. In contrast, the constitutive expression of B-catenin/
TCF promoted the rapid expansion of cryptic stem cells in
mice [29, 142]. In all, the evidence shows that the WNT/f-
catenin/TCF pathway supports the proliferation of stem cells
while repressing their differentiation [29, 143].

The expression of WNT target genes, C-MYC and CYC-
LIN DI, is upregulated in undifferentiated cryptic stem
cells and intestinal tumors, and conversely, downregulated
in differentiated IEC [29, 32, 143—145]. This suggests that
constitutively activated WNT signaling promotes the dedif-
ferentiation of epithelial cells, rendering them susceptible
to tumorigenesis. Indeed, the evidence shows that B-catenin
silencing led to the downregulation of crypt stem cell

markers (EPHB2, LGR5 and BMP4) and upregulation of
differentiation markers (MUC2, CA2 and TM4SF4) in colo-
rectal cancer cells. Xenograft transplantation of cancer cells
exhibiting doxycycline-induced p-catenin silencing showed
compromised proliferation due to cell-cycle arrest and differ-
entiation of transplanted cancer cells. However, withdrawal
of doxycycline led to reactivation of B-catenin and potential
dedifferentiation of transplanted cancer cells [93]. Thus, evi-
dence substantiates tumorigenic potential of WNT signaling,
which often coincides with activation of mTORCI signal-
ing [55, 97, 98]. Conversely, repression of WNT/mTORC1
signaling by inhibitors or by dietary bioactive compounds
was shown to benefit colon cancer [146, 147].

Mechanistically, signaling through WNT leads to
mTORCI activation by preventing GSK3f-mediated stabili-
zation of TSC2. GSK3a/p cooperate with AMPK to stabilize
TSC2 via phosphorylation of Ser1341 and Ser1337 residues
[148]. When WNT binds LRP6/FZD co-receptor, GSK3f
is prevented from mediating the stabilization of TSC2. This
may be because WNT negatively regulates the kinase activ-
ity of GSK3 bound to the p-catenin destruction complex
[149]. However, in cases of Apc mutation, the B-catenin
destruction complex cannot form. Polyps from Apc mutant
mice show reduced GSK3 activity and repressed phospho-
rylation of its substrate, glycogen synthase, as compared
to wild-type mice [98, 150]. Thus, Apc mutation activates
mTORCI signaling by releasing the negative control of
GSK3 (stabilization of TSC2) over mTORCI signaling
(Fig. 2) [55, 97]. In these mice, mTORCI drives cell prolif-
eration and tumor growth. The critical role of mMTORC1 was
revealed by the use of rapamycin, which improved the sur-
vival of Apc mutant mice, in part, by reducing polyp forma-
tion, tumor growth, and angiogenesis [55, 97]. Rapamycin
benefited these mice by inhibiting translation elongation via
mTORC1/S6K/eEF2K/eEF2 axis in adenomatous cells and
thus protein synthesis [35].

Intestine-specific constitutive stimulation of the WNT/p-
catenin signaling is linked to the activation of NFkB, the
induction of dedifferentiation, the acquisition of stem cell-
like characteristics in Lgr5 negative non-stem cells, and
higher mortality in mice [29]. The mechanism involves
WNT, the oncogenic protein Kras, and NFkB. WNT and
Kras signaling cooperate to dedifferentiate IEC into adeno-
matous crypt-like cells in an NFkB-dependent manner [29].
NFkB physically interacts with B-catenin and CREB-binding
protein (CBP) allowing the formation of a nuclear complex
with transcription factors of the TCF/LEF-1 family. This
transcriptional complex supports a genetic program aim-
ing to dedifferentiate IEC into proliferative crypt-like stem
cells. However, this process was successfully halted follow-
ing the inhibition of NFkB or deletion of 7nf in mice with
a constitutively active WNT signaling. As a result, mouse
survival improved and differentiated IEC were restored in
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the gut epithelium [29]. This suggests that dedifferentiated
and proliferative epithelial cells undergo genetic reprogram-
ing that activates mediators of inflammation primarily in
the epithelium, which further lamina propria’s inflamma-
tory response (Fig. 1). Although the study did not assess the
contribution of mMTORCI in the events leading to IEC dedif-
ferentiation and epithelial inflammation, the interactions that
exist between mMTORC1, WNT and NFkB support the view
that mTORCT is stimulated downstream of WNT and NFkB
signaling [55, 98, 151]. Constitutively active WNT also
stimulates mTORCI via the RACI signaling [152]. RACI1
signaling drives tumorigenesis secondarily to promoting
cell proliferation and inflammation via activation of NFkB,
mTOR and p-JNK, and the production of ROS [152, 153].

Collectively, the evidence indicates that mMTORC1 sup-
ports tumorigenesis and inflammation downstream of WNT
[55, 97] and gp130/JAK/STAT?3 [56]. In contrast, inhibition
of the gp130/JAK/STAT3 pathway prevents WNT-mediated
tumor growth in Apc mutant mice and human CRC cell xen-
ografts [144]. This suggests that blocking mMTORC1 may be
beneficial in mice harboring these mutations. Indeed, results
showed that mTORCI inhibition remediated the progres-
sion of WNT/APC-dependent tumors and gp130-dependent
inflammation-mediated tumorigenesis in mice [55, 56, 97,
98].

mTORC1 stimulates the synthesis

of pro-inflammatory cytokines

and consequent tumorigenesis in IEC
by activating NFkB, STAT3 and NLR

As discussed in the previous section, mTORCI interacts
with pathways promoting cell growth and proliferation to
drive IEC dedifferentiation and proliferation. Further evi-
dence shows that the constitutive activation of mTORC1
mediates the synthesis of inflammatory cytokines in dedif-
ferentiated epithelial cells by activating the NFkB, STAT3
and NLR pathways (Fig. 3). Epithelial cells in which the
Hippo/YAP, Notch and WNT/-catenin signaling pathways
are upregulated often exhibit activated NFkB, STAT3 and
NLRP3 signaling, and elevated inflammatory cytokine
production [27-29, 49, 122, 145, 154—-156]. This section
delineates the interactions between epithelial mMTORC1 and
inflammatory factors (NFkB, STAT3 and NLR) in the setting
of gut inflammation.

NFkB and mTORC1

NFkB is the quintessential pathway in states of inflamma-
tion and inflammation-mediated CRC. Activation of NFkB
is observed in the colon of DSS and TNBS colitis mice, and
in biopsies from inflammatory bowel disease (IBD) patients
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[157-159]. NFKB regulates the transcription of many genes
whose products, such as cytokines, chemokines and adhe-
sion molecules, induce cell proliferation, tissue inflamma-
tion and infiltration of macrophages and neutrophils into
the epithelium [29, 52]. Markers of neutrophil infiltration
(e.g., myeloperoxidase activity) and lipid peroxidation (e.g.,
malondialdehyde concentration) also become elevated in
inflamed gut mucosa [158]. In this context, symptoms of
colitis are improved upon NFkB inhibition. Several pharma-
ceutical agents and dietary bioactive compounds have been
shown to ameliorate colitis by downregulating the NFkB
signaling [158-160]. For instance, curcumin and resveratrol
improve inflammation by inhibiting mTORC1 and NFkB
[36, 161]. However, the nature and extent with which epi-
thelial mMTORC1 and NFkB interact to promote intestinal
inflammation and tumorigenesis is not well understood.

The crosstalk between NFkB and mTORCI1 is mostly
mediated by AKT, an upstream positive modulator of
mTORCI1. AKT phosphorylates IKKa at Thr23; a criti-
cal event in the activation of NFkB signaling [162]. AKT
constitutive activation as in PTEN mutant cells leads to the
formation of a mMTORCI1-IKK complex [151]. Conversely,
inhibition of the PI3K/AKT pathway by Wortmannin leads
to inhibition of (Thr23) IKKo phosphorylation and, in turn,
of NFkB nuclear translocation [162]. The activity of IKK
is negatively affected by inhibition of mTOR, suggesting
mTOR may regulate IKK in an AKT-dependent manner.
While additional mechanistic studies are needed to fully
understand the nature of the activation of IKK by mTOR,
the possibility exists that mTOR phosphorylates specific
amino acid residue(s) in the activation loop of IKK. Rap-
tor, an essential scaffolding component of mTORC1, plays
a critical role in mTOR-IKK interaction. Indeed, approaches
to repress mMTORCI activity, such as Raptor knockdown and
rapamycin treatment, disrupted the association between
mTOR and IKK, and as a result repressed NFkB activity
and expression of NFkB target genes by 50% [151]. It is
worth noting that mMTORCI inhibition eases the negative
feedback of p70S6K1 on the IRS/PI3K/AKT pathway [163],
and in doing so stimulates the NFkB signaling in an AKT-
dependent manner. Thus, mTORCI inhibition and NFkB
activation can coincide. This has been observed in mono-
cytes and macrophages but not yet in IEC [164, 165]. Studies
also reported that AKT is regulated downstream of NFkB.
In this scenario, the degradation of IkBa (a NFkB repres-
sor) and nuclear translocation of NFkB p65 subunit precede
the activation of AKT (Fig. 3). Furthermore, the inhibition
of AKT by PI3K/AKT inhibitors did not affect signaling
through NFkB, whereas the overexpression of IkBa or the
use of pharmacological inhibitors of NFkB suppressed AKT
phosphorylation at Ser473 [166].

Epithelial mesenchymal transition (EMT) is the most
common event in the process of tumorigenesis. Cells
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Fig.3 In dedifferentiated IEC, mTORC1 interacts with inflammatory
mediators, NFkB, STAT3 and NLRP3, to initiate epithelial inflam-
mation. (i) mTOR phosphorylates STAT3 (Tyr705, Ser727) causing
its dimerization and nuclear translocation. (ii) mTORCI1 interacts
with and thus stimulates the NLRP3 inflammasome causing caspase-
1-mediated activation of IL1p and IL18. (iii) mMTORCI interacts with

undergoing EMT acquire hallmark features of tumors,
such as expression of stem cell markers, excessive pro-
liferation, migration, and invasiveness upon dedifferen-
tiation of epithelial cells into the mesenchymal pheno-
type [6, 106, 107, 167]. The contribution of mTORC1
and NFkB signaling in EMT and metastasis in CRC cells
has been established [168, 169]. mTORC1 and mTORC2
act as upstream regulators of GTPases (RhoA and Racl)
which drive actin-mediated cytoskeleton rearrangement
and cell migration [168]. NFkB signaling is also found
to be activated upon Racl overexpression in CRC [169].
Collectively, the evidence supports the notion that the
mTORC1 and NFkB signaling pathways contribute to the
propagation of colon cancer. In further support, the pres-
ence of a functional mMTORC1 was required for TNFa
expression (a NFkB target gene) in human colorectal
adenocarcinoma HT-29 cells [36]. Inhibiting mTORC1

and thus activates IKK leading to the nuclear translocation of NFkB.
AKT activates NFkB signaling by phosphorylating IKK (Thr23).
Activation of these pathways induces the production of pro-inflam-
matory cytokines by damaged IEC. In turn, the epithelial inflamma-
tion elicits an innate and adaptive immune response in the lamina
propria

activity in these cells with phytochemicals, curcumin and
piperine, lowered TNFa mRNA levels and TNFa-induced
COX-2 expression. Moreover, the co-activation of mTOR
and NFkB signaling promoted epithelial cell prolifera-
tion and immune cell infiltration in mice deficient in epi-
thelial NLRC3 tumor suppressor gene, suggesting that
epithelial mMTOR/NFkKB interaction drives inflammation
by upregulating pro-inflammatory mediators in colonic
mucosa [52, 156]. Other groups validated this assertion
by reporting that epithelial mMTORC1 hyperactivation
drove colitis by upregulating the STAT3-mediated syn-
thesis of COX-2 and pro-inflammatory cytokines in IEC
[49]. Mechanistically, STAT3 and NFkB physically inter-
act with one another [170]. In contrast, blocking PI3K/
AKT decreased STAT3 and NFkB activity in cells and
mice with lymphoma [170]. Thus, the crosstalk between
PI3K/STAT3/NFkB signaling explains the induction of
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proinflammatory cytokine synthesis upon activation of
mTORC1/STAT3 signaling in the intestinal mucosa [49].

NFkB and mTORCI1 pathways also counteract each
other. Activation of mTORCI1 is thought to trigger a
compensatory mechanism that prevents the deleterious
effects of inflammation on the survival of healthy IEC.
Accordingly, the induction of mTORC1 by arginine pro-
tected against LPS-mediated cell death in IPEC-1 cells
[61]. Upon activation of mTORCI, cell survival and
growth improved due to increased protein synthesis and
decreased protein degradation in arginine + LPS treated
IPEC-1 cells. mTORCI1 activation coincided with the
curtailment of proinflammatory signaling, namely a sig-
nificant decrease in the expression of TLR4 and level of
phospho-Ser536 NFkB signaling was observed in argi-
nine + LPS treated IPEC-1 cells [61]. In contrast, NFkB
activity counterbalanced the detrimental consequences
of mTORCI1 stimulation during colitis. NFkB-mediated
ROS accumulation repressed STAT3 and mTOR activity
in inflamed colon of transgenic mice. The decrease in
STAT3 and mTOR activity in colon was associated with
lower blood levels of IL6 and G-CSF in DSS colitis mice
and resulted in a macrophage polarization shift from pro-
inflammatory M1 to anti-inflammatory M2 [171]. The
anti-inflammatory potential of M2 macrophages was
attributable to the rise in NFkB and ROS activity in mac-
rophages and colon tissue in these mice [171].

Literature also bears evidence supporting the benefi-
cial effects of NFkB and mTOR coactivation in intes-
tinal cells and tissues. Activation of mTOR and NFkB
can induce oxidative stress and repress colon cancer
progression by inducing cancer cell apoptosis. mTOR-
NFkB-mediated ROS synthesis led to cell cycle arrest
in CRC cells and reduced tumor growth in CRC xeno-
graft-implanted mice [172]. In contrast, the inhibition of
mTORC1 by rapamycin repressed NFkB activity and ROS
production, which led to cancer cell survival by allow-
ing interaction of CDK2 with cyclin E, and CDK4 with
cyclin D1 [172]. Of note, baseline NFkB also regulates
epithelial integrity and immune homeostasis in intestinal
epithelium. IKK ablation in intestinal epithelium resulted
in the dysregulation of the TNFaR1-MyDS88 signaling.
As a result, immune cell infiltration and elevated synthe-
sis of proinflammatory cytokines were observed in the
intestinal epithelium [173]. Thus, it is critically important
to evaluate the source and consequence of inflammation
before targeting the NFkB pathway in treatment of intes-
tinal inflammation. Since NFkB supports inflammatory
events that contribute to tissue repair and regeneration,
the long-term inhibition of intestinal epithelium NFkB
may be detrimental.
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STAT3 and mTORC1

STAT3 is a crucial transcription factor, activated by several
cytokines including IL6, IL11 and IL22 [56, 174]. STAT3
and mTOR signaling help maintain intestinal homeostasis
by promoting SCFA-induced production of antimicrobial
peptides such as ReglIly and pB-defensin 1, 3 and 4 [86].
STATS3 serves a dual role in intestinal epithelium. Its expres-
sion is required for post-injury recovery and regeneration
of intestinal epithelium [41, 42]. Indeed, STAT3 facilitates
epithelial repair by regulating the transcription of genes
implicated in cell survival, cell proliferation, and reparative
inflammation [46]. However, the constitutive expression of
epithelial STAT?3 is associated with the synthesis of pro-
inflammatory cytokines in chronic gut inflammation [49,
51]. STAT3-driven epithelial inflammation propagates into
lamina propria and induces infiltration of CD8+ lympho-
cytes into the epithelium while inhibiting the recruitment of
anti-inflammatory regulatory T-cells (Tregs) [175]. In this
way, constitutive STAT3 activation contributes to intestinal
inflammation.

The activation of mMTORC1 frequently coincides with the
induction of STAT3 signaling in colonic epithelium. Strong
evidence links constitutive epithelial STAT3 and mTORC1
signaling with intestinal inflammation [49, 51, 56]. As
evidence, upregulated expression of epithelial STAT3 and
mTOR proteins is observed in inflamed colon tissues col-
lected from animal models of chronic colitis and active IBD
patients [51]. Elevated expressions of mMTORC1 and STAT3
are also observed in mice with UC [49]. Initial mechanis-
tic studies showed that mMTORC1 phosphorylates STAT3 at
Ser727 and Tyr705 (Fig. 3) [176]. Hyperactive epithelial
mTORCI is implicated in the synthesis of pro-inflamma-
tory cytokines through the stimulation of STAT3-dependent
COX-2 signaling [49], which exacerbates the infiltration of
Th17 cells in intestinal mucosa. In these mice, the inhibi-
tion of epithelial mTORC1 by Raptor knockdown reversed
inflammation by downregulating STAT3 and consequently
protected against colitis [49]. Similarly, treatment with met-
formin, a type-2 diabetes drug with anti-inflammatory prop-
erties led to the repression of colonic p-STAT3 and p-mTOR,
lowered the expression of pro-inflammatory cytokines and
relieved the symptoms of IBD in colitis mice [177]. Thus,
intestinal inflammation can be improved by inhibiting epi-
thelial mMTORCI1 and STAT3 signaling since their elevated
expression contributes to intestinal inflammation.

Intestinal inflammation led by constitutively active
mTORCI1/STAT3 also entails intestinal tumorigenesis
[51, 56]. The activation of mTORC1/STAT3 signaling by
cytokines of the IL6 family via their common receptor
gp130 has been shown to drive tumorigenesis in gastroin-
testinal epithelium [56]. Upon reception of pro-inflamma-
tory stimuli, gp130 receptor is phosphorylated by kinases
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JAK1/2. This event prompts STAT3 dimerization followed
by STAT?3 nuclear translocation and transcription of STAT3
target genes involved in inflammation and cell-proliferation.
STAT3 signaling is regulated in part by the negative feed-
back inhibition of SOCS3, which represses JAK1/2 and
inhibits nuclear translocation of STAT3 dimer [178, 179].
Thiem et al. employed knock-in mutation to disrupt the
SOCS3 negative feedback and thus activate gp130 recep-
tor-dependent STAT3 signaling in mice to study the role of
mTORCI1/STAT3 in intestinal tumorigenesis [56, 121]. In
these mice, the selective inhibition of mMTORC1 by RADO0O1
led to a significant decrease in overall tumor mass; primar-
ily reducing early tumorigenesis [56]. RAD0O0O1 showed no
effect on STAT3 expression. This indicates that even when
STATS3 is constitutively active, mMTORCI1 activity weighs
heavily on inflammation-mediated tumorigenesis.

Furthermore, mTOR and STAT3 were found to be
simultaneously activated in C57BL/6 mice treated with
AOM +DSS to induce CAC [87]. Rapamycin treatment led
to a decrease in mTORC1 and STATS3 activity in colon tissue
of DSS-treated mice, which in turn ameliorated inflamma-
tion through downregulation of cytokine production (TNFa,
IL6, IL12a, IL10 and IFN-y). As a result, rapamycin treat-
ment decreased tumor load and multiplicity in colon tis-
sues of mice treated with AOM + DSS [87]. Repression
of colonic STAT3 by rapamycin suggested that STAT3 is
placed downstream of mTORCI1 signaling [87]. The role of
mTORCI in mediating CAC was further substantiated by the
lower abundance of Ki67+ proliferative cells in the inflamed
colon upon treatment with everolimus, a rapalog that also
repressed p-STAT3 expression [51]. Overall, the current
evidence indicates that mTORCI inhibition can remediate
intestinal inflammation and inflammation-mediated tumori-
genesis under STAT3 constitutive activation.

NLR and mTORC1

Nod like receptors (NLR) are among the many pattern rec-
ognition receptors (PPR) expressed by IECs serving to acti-
vate the innate and adaptive immune responses and main-
tain the intestinal homeostasis following a pathogenic insult.
Each NLR is composed of three components; the central
nucleotide binding domain, C-terminal leucine-rich repeat
domain, and N-terminal variable domain [180]. Based on
the presence of a pyrin or caspase recruitment domain in the
N-terminus, NLR are divided in two broad categories, NLRP
and NLRC. NLR serve as a crucial structural component of
inflammasomes, multi-component complexes composed of
NLRP or NLRC, an adaptor protein apoptosis-associated
speck like protein (ASC), and procaspase-1 [180]. Inflam-
masomes can be activated by several factors such as pro-
inflammatory cytokines, ATP, LPS and ROS. The inflam-
masome contributes to intestinal inflammation by caspase-1

mediated maturation of pro-IL1p and pro-IL18 cytokines
[180].

Upon microbial invasion observed in colitis, the inflam-
masome components (NLRP, ASC and procaspase-1) oli-
gomerize into active NLRP3 inflammasome. For this reason,
NLRP3 expression is elevated in intestinal mucosa of CD
patients and in DSS colitis mice [9, 48]. However, the acti-
vation of inflammasome can be inhibited by autophagy, a
process deployed to degrade damaged macromolecules and
organelles, and prevent ROS generation [180]. One plausi-
ble mechanism by which mTORC1 contributes to NLRP3
inflammasome-dependent intestinal inflammation is by
opposing the activation of autophagy through the repres-
sion of Unc-51 like autophagy activating kinase (ULKI) and
autophagy-related gene 13 (A7G13) [181, 182]. In contrast,
stimulation of autophagy upon mTORCT1 inhibition has been
shown to repress NLRP3 inflammasome activation, resulting
in protection against pro-inflammatory response in colitis
[48].

mTOR was identified as a binding partner of NLRP3
in IEC [48], and their interaction promoted the epithelial
secretion of pro-inflammatory cytokines (Fig. 3). NLRP3
and mTOR expression were concomitantly upregulated in
the colon mucosa of DSS-treated mice and /70 deficient
mice [48]. In contrast, the disruption of NLRP3—-mTOR
interaction by HIF1a repressed NLRP3, induced autophagy,
and protected against colitis via downregulation of TNFa,
IL6 and IL1p expression in colon biopsies of DSS-treated
mice [48]. There is no information on the regulation of
IL18 by mTORCI, and thus, should be matter of further
investigation.

Paradoxically, studies pointed out that activation of
NLRP3 inflammasome and IL18 synthesis protected
against DSS- and TNBS-colitis [183, 184]. This is con-
ceivable since baseline NLRP3 activity helps in main-
taining epithelial integrity and protects against inflamma-
tion-mediated CRC by decreasing microbial penetration
into the lamina propria [183, 184]. Owing to the reduced
production of IL18, mice deficient in Nlrp3 and Caspase
1 were more susceptible to colitis than wild-type mice.
The susceptibility of these mice to colitis was attribut-
able to the increased permeability of the epithelium, the
infiltration of leukocytes, and the elevated production of
chemokines in the colon [184]. Similarly, the colon of
1118—/— mice administered AOM + DSS showed enhanced
epithelial damage, leukocyte inflammation and hyperplasia
compared to AOM + DSS-treated wild-type mice [183].
Mechanistically, IL-18 afforded protection by activating
IFNy synthesis, which stimulated the expression of tumor
suppressor STAT1. Expression of STAT1 was abrogated
upon Nlrp3 inactivation in colon rendering the mice prone
to colitis-induced tumorigenesis [183, 184]. Administra-
tion of recombinant IL18 reversed body weight loss in
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DSS-treated Caspase 1—/— mice. IL18 and IFNy treatment
also restored STAT1 levels in Caspase 1—/— mice [183,
184]. In sum, NLRP3 plays an important role in epithelial
healing by supporting reparative inflammation. In con-
trast, the permanent loss of NLRP3 impairs the restora-
tion of barrier function. Discrepancies surround the role
of NLRP3-mTORCI interaction during epithelial healing.
Their interaction can be protective; however, their long-
lasting interaction supports an excessive pro-inflammatory
response.

NLRC3, a recently identified member of the NLR family,
functions as tumor and inflammation suppressor. mMTORC1
has been shown to stimulate cell proliferation and inflamma-
tion upon selective deletion of Nlrc3 in intestinal epithelium.
NLRC3 acts as a negative regulator of (i) Toll-like receptor-
mediated TRAF-6 signaling [185] and (ii) innate immune
response upon exposure to PAMPs or viruses [156]. NLRC3
serves as an inflammation checkpoint, in part, by negatively
regulating mTORCI signaling in IEC [52]. Mechanistically,
NLRC3 inhibits mTOR signaling by disrupting the interac-
tion between the p85 and p110a subunits of PI3K, and as
a result, the activity of p85 is repressed [52]. In addition,
NLRC3 inhibits the mTORCI signaling by sequestration of
TRAF6, which is required for lysosomal translocation and
subsequent activation of mTOR by the TRAF6-p62 complex
[155, 186].

Accordingly, mTORCI signaling is found to be acti-
vated upon intestinal knockout of Nlrc3, thereby making
Nlirc3—/— mice highly susceptible to colitis and colorectal
tumorigenesis [52]. Upon AOM injection, organoids col-
lected from Nlrc3—/— mice showed higher expression of
mTORCI signaling components such as ribosomal S6 and
4EBP1. Higher mTORCI1 activity translated into higher rate
of proliferation in organoids derived from Nlrc3—/— mice as
compared to organoids derived from wild-type mice [52].
Moreover, increased protein expression of Ki67, PCNA,
¢-MYC and CYCLIN D was observed in intestinal crypts
of Nlrc3—/— mice, supporting enhanced proliferation of
these crypt cells. The tumorigenicity of these cells was
confirmed by the decreased expression of FoxO proteins,
FoxO3a and FoxO1, which are recognized for their role as
tumor suppressors [155]. In Nlrc3—/— mice, NFkB signaling
was activated secondarily to PI3K/mTORCI1 signaling. This
is consistent with the ability of AKT to induce NFkB via
mTORCI1-IKK interaction [151]. Activation of NFkB led to
higher expression of proinflammatory cytokines (IL17 and
IL22) in IEC responsible for the infiltration of macrophages,
natural killer cells and neutrophils into colonic epithelium
of Nlrc3—/— mice. This effect was most pronounced when
Nlrc3 was knocked down in the intestinal epithelium versus
hematopoietic cells. In all, the contribution of mTORCI
signaling is central to intestinal inflammation upon Nirc3
deletion in IEC [52].
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Future directions: is mTORC1 inhibition

a solution to epithelium dedifferentiation,
inflammation and consequent
tumorigenesis?

On the basis that sustained mTORCT activity is associated
with epithelium repair dysregulation, which in turn promotes
unwarranted cellular dedifferentiation and inflammation in
the epithelium (Fig. 1), therapeutic strategies centered on the
inhibition of intestinal mMTORC1 have been considered. But
the long-term inhibition of mMTORCI1 is not without concern.

Recent evidence in experimental colitis cautions against
long-term mTORCI] inhibition as it interferes with IEC
renewal, induces cell death and consequently disturbs the
state of homeostasis in intestinal epithelium [42]. Excessive
cell death and tissue damage triggers reparative inflamma-
tion where the mucosal immunity attempts to compensate
for lost cells by inducing wound healing through cell pro-
liferation [23, 55]. However, a detrimental shift from self-
limiting reparative inflammation to sustained and aggressive
inflammatory response can take place when the processes
involved in repair and regeneration are dysregulated [23,
55]. Indeed, inhibition of mTORC1 has been implicated in
IL6-mediated uncontrolled inflammatory response which
promotes unrestrained cryptic cell proliferation, unwarranted
tissue regeneration and induces chromosomal instability.
These factors collectively contribute to spontaneous CRC
development [55]. Long-term rapamycin treatment is also
associated with higher mortality rate, slow tissue regenera-
tion and post-injury recovery in DSS-treated mice. In con-
trast, m"TORC1 reactivation by amino acids provided protec-
tion against colitis and increased survival of Rheb—/— mice
by activating IL6-induced STAT3 signaling, critical for tis-
sue regeneration and repair [42, 174]. Henceforth, the long-
term use of rapalogs can complicate the pathogenesis of the
intestinal inflammation and tumorigenesis.

Treatment strategies that transiently repress an other-
wise continuously elevated epithelial mMTORCI1 signaling
without compromising the regenerative potential of the epi-
thelium may prove beneficial to individuals with epithelial
mTORC 1-driven intestinal inflammation or inflammation-
mediated tumorigenesis. Dietary bioactive compounds,
such as resveratrol or curcumin, have been evaluated against
inflammation and tumors in colon cancer cells and tissues
[36, 160, 161, 187]. The fact that their absorbability across
the intestinal epithelial layer is low and their metabolism in
enterocytes is extensive implies that their bioactivity is com-
paratively limited and their inhibition of intestinal mMTORC1
transient [188, 189]. Despite a growing interest in resvera-
trol, curcumin and other phytochemicals, the consequences
of their long-term use on intestinal regeneration is currently
unknown and should be matter of further studies.
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