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The Role of Intestinal Stem Cells Paneth Cells in Intestinal

Homeostasis and Disease

JIA Liying, CUI Yan, JIN Zhouyu, SONG Hui*
(School of Life Science, Jilin Agricultural University, Changchun 130118, China)

Abstract  The intestine is one of the most complex organs in the human body responsible for the absorption
and digestion of nutrients. The intestine is composed of multiple layers in which the epithelium is a monolayer of
columnar epithelial cells and is the first barrier against pathogens. Thus, the intestinal epithelium must maintain the
integrity to protect intestine from infection and toxin. Epithelial cells can be separated into two lineages (absorptive
and secretory) and then shed into the intestinal lumen every 3-4 days which reside between terminally differentiat-
ed Paneth cells at the bottom of the intestinal crypt, differentiating to different epithelial cells along the crypt-villus
axis. Once stem cells are injured, Paneth cells will replenish intestinal stem cells rapidly by providing WNT ligands
ang Notch stimuli. Therefore, Paneth cells act as helper cells to maintain the stem cells microenvironment, which
is called a niche. This review will discuss the interaction between stem cells and Paneth cells further investigate the
signaling pathways that maintain intestinal homeostasis.
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The intestinal epithelium consists of different cell teroendocrine, tuft cells, enterocytes, M cells. This ar-
types, such as stem cells, Paneth cells, goblet cells, en- ticle focuses on stem cells, Paneth cells and its secreted
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substance (mucus). Intestinal epithelium is exposed to
multiple factors that can lead to disorders of the intestine
(Fig.1). Therefore, mucus plays an important role in
protecting the intestine from foreign pathogens . ISCs
are located at the bottom of the epithelium divided into
different intestinal cell types and repair injured epithe-
lium. Due to the proliferation ability of stem cells, epi-
thelial cells turnover rapidly maintaining the homeo-
stasis of the intestine !. Additionally, Paneth cells are
known for secreting AMPs (antimicrobial peptides),
such as defensins and lysozyme. They are also located
at the bottom of the crypt and interspersed between stem
cells, acting as bodyguard. In addition to ISCs regenera-
tion, there are also secretory cells at the top of the villi
that secrete mucus against foreign pathogens to maintain
homeostasis. ZAREPOUR ! showed that the mucus
barrier provided partial protection against several en-
teric bacterial pathogens, including Yersinia enteroco-

litica, Shigella flexneri, and Citrobacter rodentium. In

this review, we discuss how Paneth cells protect stem
cells to maintain intestinal homeostasis and how sig-
naling pathways influence stem cells and further cause

diseases.

1 Crypt-villus structure
The intestine consists of epithelial cells, crypts,

villi, mucus, lymphocytes, enteric neurons, muscle
layers, etc. Firstly, we start from crypt-villus structure.
The intestine is described as a complex tissue that
contains different cell types and there are millions of
crypt-villus units in the intestine. Cell differentiation
migrates upward towards the crypt-villus axis. The
crypt is located at the base of the intestine and con-
sists of ISCs (intestinal stem cells), Paneth cells and
+4 label-retaining cells, stem cells further divide into
secretory cells and absorptive cells that enhance the
origin of all the epithelial components ' (Fig.2). At

the bottom of the crypt, cell division occurs rapidly .
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These cells move towards villi and finally shed into the
lumen. The villi protrude into the lumen and take part
in absorption and digestion of nutrients. At the tip of
villus, cells shed into lumen every 3-4 days for homeo-
stasis. A higher number of villi can enhance nutrient
absorption. This rapid cellular turnover significantly
promotes epithelial regeneration. BARKER ! dem-
onstrated that this renewal was primarily due to ISCs
proliferation and differentiation !, This crypt-villus
structure enables the intestine with better absorptive
and protective effect. Therefore, it is meaningful to
study the ISCs, Paneth cells and interaction between
them. It’s also necessary to know which signaling
pathway or mechanisms control stem cells prolifera-

tion and further induce diseases.

2 Origin of ISCs

Now, we know that the rapid cellular turnover
of the intestinal epithelium is caused by crypt base
columnar cells. However, it is not clear how the ISCs
are discovered. CHENG ! were the first to find the
crypt base columnar cells, but there is no sufficient
evidence showing that crypt base columnar cells are
ISCs . With these questions, scholars have focused on
the genetic tracking of crypt basal column cells *).
GUIU " used lineage tracing and found that progeny
of the LGRS5-expressing population was maintained
into adulthood and thereby contributed to the adult
ISCs compartment. Based on these findings, crypt basal
cells are considered to have stem cell properties. With
the development of technology, crypt basal columnar
cells are identified as ISCs. ISCs are considered to
have multiple layers of potential and self-renewal "2,
The daughter cells of ISCs evolve into a specific type
of intestinal epithelial cells through lineage differentia-
tion !, To achieve this process, stem cells must dif-
ferentiate into daughter cells, allowing for the daughter
cells to further differentiate into epithelial cells with
differentiation ability 'Y, However, the stem cells can
be systematically differentiated and form into two stem
cells. There are two types of intestinal stem cells in the

intestinal crypts: Lgr5" CBCs (columnar crypt base

cells) and +4 label-retaining cells. Lgr5" and Bmil™ are
potential markers of these stem cells while the Bmil®
marker is only detected in the proximal small intestine
and is not found in the colon and rectum. Interestingly,
the Lgr5™ crypt base columnar cells divide rapidly into
stem cells overnight during homeostasis. This rapid
cycle process is critical for intestinal regeneration. The
+4 label-retaining cell cycle is very slow and almost
static. When the environment is stressed, these stem
cells can protect the intestines: during injury or stress,
+4 label-retaining cells are activated and produce intes-
tinal progenitor cells in place of damaged crypt basal
cells. In addition, if necessary, the Lgr5™ crypt base
columnar cells can regenerate +4 label-retaining cells.
JIN 13 showed that partial ISCs depletion Drosophila
ISCs failed to repopulate the gut.

3 Paneth cells

In the intestine, Paneth cells play a role in crypt
development. Unhealthy intestine results in Paneth cell
dysfunction. Thus, antimicrobial peptides secreted by
Paneth cells in defending against foreign pathogens on
the mucosa are vital for barrier homeostasis. Paneth
cells are located at the bottom of the crypt, distributing
between ISCs, secreting necessary factors that main-
tain normal ISCs function and provide a microenviron-
ment for the stem cell niche"®.. In addition to the small
intestine, these cells can also be found elsewhere in the
gastrointestinal tract, including the stomach and colon,
where they can respond to mucosal inflammation "),

Paneth cells have ultrastructural features of spe-
cialized secretory cells, including extensive endoplasmic
reticulum, Golgi networks and apical aggregation of
secretory granules '™, Many histological stains and lec-
tins can easily divide these secretory granules, which
are rich in alkali peptides, and some are modified with
glycans. Although the content of the particles has been
unclear for many years, they are the first line for host
defence. Paneth cells appear when lysozyme is identi-
fied as a secreted product, as shown by experiment
of OUELLETTE " that a-defensins are expressed in

murine Paneth cells. This discovery leads to a large
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number of investigations focusing on structure, func-
tion, and regulation of antibacterial molecules in Pan-
eth cells. These studies provide a clearer understanding
of the function of Paneth cells and the key role for
these epithelial cells ', RIBA ! showed that Paneth
cell defect induced microbiota dysbiosis in mice and
promoted visceral hypersensitivity. Therefore, Paneth
cells also play a crucial role in maintaining intestinal

homeostasis.

4 Paneth cells help to support stem cells

Although several signaling pathways for main-
taining stem cell function and crypt homeostasis have
been thoroughly studied, little is known about how me-
tabolism promotes epithelial homeostasis. It has been
reported that freshly isolated Lgr5" columnar crypt
base cells and Paneth cells from mice show different
metabolic processes . Compared with Paneth cells,
Lgr5" columnar crypt base cells show higher mitochon-
drial activity. Inhibition of mitochondrial activity of
Lgr5™ crypt base columnar cells or inhibition of Paneth
cell glycolysis greatly affects stem cell function . In
addition, Paneth cells enhance mitochondrial oxidative
phosphorylation of Lgr5" crypt base columnar cells
by providing lactic acid to support stem cell function.
RODRIGUEZ-COLMAN 4 showed that oxidative
phosphorylation activated p38/MAPK via a redox sig-
naling pathway, and they also revealed the metabolic
identity of Paneth cells and Lgr5" crypt base columnar
cells in supporting stem cell function.

Some studies have described that the homeosta-
sis of the self-renewing intestinal crypt is caused by
competition between Lgr5" crypt base columnar cells,
which are located at the bottom of the crypt®. Lgr5"
stem cells are interspersed between the differentiated
Paneth cells that produce bactericidal products such as
lysozyme, tube toxin, cryptins and defensins, which
can culture single-expressed Lgr5" stem cells without
a non-epithelial niche. Studies have shown that Lgr5"
stem cells and Paneth cells have a close physical as-
sociation in vitro and in vivo. CD24" Paneth cells
express EGF, TGFa, WNT3 and Notch-ligand DIl4,

all of which are required for maintenance of stem cells
culture. Co-culture of stem cells with Paneth cells sig-
nificantly increases organ formation. The demand for
Paneth cells can be replaced by pulses of exogenous
WNT. Gene removal from Paneth cells in vivo results in
the loss of Lgr5" stem cells in vivo. In the colonic crypt,
CD24" cells are located between Lgr5" stem cells and
Paneth cells. We can conclude that the necessary signals
required for Lgr5" stem cells are provided by specific

daughter cells and Paneth cells.

5 Related signaling pathways to stem

cells and Paneth cells
However, intestinal homeostasis is maintained by

continuous cell proliferation and differentiation. The
proliferation and differentiation of ISCs and Paneth
cells are controlled by multiple signaling pathways**
(Fig.3). Therefore, several signaling pathways related
to homeostasis are mentioned and termed Notch, WNT
and BMP. Notch signaling is famous for its regula-
tion of the proliferation and differentiation of ISCs and
progenitor cells, whereas cellular targets and specific
functions of the Notch signal have not been directly
identified . Another marker is termed Olfm4. Stud-
ies have shown that Olfm4 has an important role in the
immune response. Olfm4 expressed by the Lgr5" crypt
base columnar cells are directly reliant on Notch signal-
ing, and its transcriptional activation is via the RBPJ
binding site. Inhibition of Notch signaling also leads to
premature differentiation of epithelial progenitor cells
into secretory cell types *®. Notch signaling controls
stem cells by inhibiting Atoh1. Notch signaling inhibits
the transcription factor Atohl (asexual homologue 1),
which provides a critical mechanism for regulating cell
fate selection, and Atohl expression appears to be es-
sential and sufficient for programmed differentiation of
secretory cells. In general, damage to Notch signaling
leads to increased expression of Atohl and further re-
duces secretory cell proliferation and overactivation of
Notch signaling leads to decreased expression of Atohl
and expansion of the proliferative zone, resulting in

increased absorption. Notch functional analysis of the
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Atoh1-deficient intestinal tract showed that cell changes
were reliant on Atoh1, whereas Notch regulated expres-
sion of the Olfin4 gene independent of Atoh1 *%). Studies
have shown that Notch signaling maintained adult ISCs
and regulates cell fate, thereby controled epithelial cell
homeostasis by targeting different progenitor cell popu-
lations P, Notch signaling promotes differentiation of
the digestive cell lineage, rather than the secretory cells
lineage P'\. Thus, gene elimination of the Notch signal-
ing component, including the key Notch DNA binding
protein RBPJ, Notchl and Notch2 receptors, results in
reducing cells proliferation and the number of secretory
cells in the intestinal crypts ®>*!. Notch signaling may
target different stem and progenitor cell populations
to regulate different aspects of intestinal homeostasis,
although specific cellular targets have not been estab-
lished. In the Notch signaling pathway, the key compo-
sitions are Notchl and Notch2 receptors, DIl1 (Delta-
like ligand1) and DIl4 (delta-like ligand). Importantly,
lineage-tracking cells undergo active Notch signaling
and long-lived progenitor cells that form all mature
epithelial cell types that have been identified, indicat-
ing that Notch signaling is active in stem cells. More
specifically, Notch signaling regulates CBCs by enrich-
ing the Notch1 receptor and modulating cell type of the
stem cells.

WNT signaling also has an important role in the

proliferation and expansion of stem cells. The WNT li-

gand secreted from the intestinal epithelium is required
for the repair process. Extracellular WNT ligands bind-
ing the FZD (Frizzled) receptor on the WNT ligand-
binding membrane initiates an intracellular translo-
cation of the transcriptional coactivator B-catenin,
which allows for the expression of target genes in the
WNT classical pathway B¥. Studies by FARIN 9 have
shown that intestinal epithelium is a redundant resource
for WNT and is not essential for the stabilization of Lgr5"
crypt base columnar cells. In contrast, a study by SATO ¢!
showed that WNT secreted by the intestinal epithelium
is sufficient for the proliferation of stem cells. There
are two kinds of WNT secretion, one secreted by the
epithelium, and the other secreted by mesenchymal
cells. Studies have shown that mesenchymal secretion
is the main mechanism for regulating the proliferation
response of the stem cell niche. It has been shown that
in the process of virus-induced villous injury, the WNT
ligand secreted by the epithelium is required for the
expansion of Lgr5™ stem cells 7. Therefore, although
epithelial WNTs are thought to have little effect in
maintaining epithelium homeostasis, they are impor-
tant component for the epithelial repair process **!.
BMP (bone morphogenetic proteins) is a member
of TGF-p (transforming growth factor ) that binds to
the serine/threonine kinase receptor and is regulated by
Smad dependent or independent of signaling pathways.

BMP signaling has the ability to regulate cell prolifera-
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tion, differentiation, apoptosis and dysregulation in
various diseases. Therefore, BMP signaling plays an im-
portant role in embryonic development and adult stem
cell homeostasis *”). BMP is a secreted protein that binds
to BMPRs (BMP receptors) to form homodimers or het-
erodimers. The BMP signaling pathway in the gut plays
a critical role in ISCs proliferation. However, it also
requires the final differentiation of intestinal epithelial
cells. Gremlinl, 2 and Noggin are specific antagonists in
BMP signaling. A powerful BMP signaling pathway also
drives the differentiation of cells into secretory progeni-
tor cells. BMP and its antagonists have been shown to
have an effect on the activation and proliferation of the
+4 label-retained cells *”'. If BMP inhibits the WNT sig-
naling pathway, it will lead to cell differentiation rather
than proliferation.

BMP signaling pathways are important in mam-
mals. BMP receptors are present in mesenchymal and
epithelial cells of the intestine, suggesting that the sig-
naling between mesenchymal and epithelial cells are
bidirectional. As mentioned above, BMP antagonists
regulate BMP activity. These antagonists include Nog-
gin and Gremlin 1, which are mainly found in mesen-
chymal cells of surrounding crypts, and their abnormal

expression may cause colonic tumors !,

6 The role of stem cells and Paneth cells

in diseases
The ability of the intestine to regenerate is im-

portant for intestinal homeostasis. The constant re-
placement of intestinal epithelial cells also ensures the
integrity of the intestinal barrier. Once the intestinal
barrier is infested by pathogens or stimulation, it will
cause various diseases and affect human health.
6.1 IBD

IBD (inflammatory bowel disease) is known for
continuous mucosal damage, epithelial structure re-
construction and repair. IBD has two phenotypes: CD
(Crohn’s disease) and UC (ulcerative colitis). CD is
characterized by the formation of full-thickness inflam-
mation and granuloma. With UC, on the other hand,

the inflammation occurs on the mucosa of the colon

and rectum. The main cause of IBD is still controver-
sial, however, the common perception is an abnormal
response of mucosal immunity to microbes. Numerous
studies have shown that the use of antibiotics can re-
duce inflammation in UC, indicating the important role
of intestinal microbes in IBD **. Genetic susceptibility
may induce the occurrence of IBD, resulting in abnor-
mal regulation of the mucosal immune response and
reducing the diversity of the flora compared to that of
healthy individuals ™,

MSCs (mesenchymal stem cells) have become a
research hotspot to cure IBD. MSCs were named by
FRIEDENSTEIN “4 and famous for their regulation
of immunity. Mucosal disorders are the cause of IBD,
thus, regulating the immune response through inhibi-
tion of immune cells such as B cells and T-cells by
MSCs could be a new aspect for treating IBD 1%,

Paneth cells secrete several antimicrobial peptides
that playing a vital role in defense against IBD. Once
the epithelium undergoes serious threat, further protec-
tive properties are intestinal mucus and AMPs. The
intestinal mucus is the first barrier for luminal bacteria.
The intestinal mucus layer provides the intestinal epi-
thelium three major factors: (1) hydration, (2) a physi-
cal barrier against luminal toxins, and (3) AMPs and
IgA (immunoglobulin A). Goblet cells are found in the
small and large intestines and produce protective intes-
tinal mucus 9. The intestinal mucus layer is divided
into many layers that contain co-existing enterobacteria
in a healthy colon ", Defensins and cathelicidins are
two main barrier components in protecting intestine %),
Defensins are antibiotics of the innate immune system
that bind to phospholipids on the membrane and cre-
ate pores that connect to the membrane of the bacterial
surface, causing damage to the bilayer bacterial mem-
brane *°\. They can be stimulated by Toll-like receptors
and intracellular sensors, such as NLRs (NOD2 and
NOD-like receptors), during pathological microbial
invasion. Conversely, due to lack of defensins, NOD2
mutation may increase gene susceptibility to CD. Some
studies on human tissue and animal models have shown

that levels of a-defensins in Paneth cells are reduced,
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thus decreasing antibacterial activity, which is consid-
ered to be a key cause of ileal CD P, Defensins have
been divided into two types, a-defensins and f-defensins,
which have broad antibacterial properties against gram-
positive and gram-negative bacteria and yeast. The most
common o-defensins (HD-5 and HD-6) are synthesized
primarily by Paneth cells. In the colon, Paneth cells are
usually absent, while in IBD, Paneth cells can be clearly
found in the colon. In these cases, o-defensins can be found
in the large intestine*. In addition, mouse studies have
shown that active a-defensins are secreted into the
small intestine and passed into the lumen of the colon.
B-defensin can be found in intestinal epithelium among
different epithelial tissues. hBD-1 (human B-defensin
1) exists in healthy colon tissue, while hBD-2, -3 and -4
are related to intestinal lumen responses **. Another im-
portant AMPs is lysozyme, which is produced primarily
by Paneth cells. The function of lysozyme is to catalyze
the hydrolysis of B (1,4)-glycosidic linkages between
N-acetylmuramic acid and N-acetylglucosamine in the
polysaccharide component in order to combat gram-
positive bacteria.

Paneth cells, also play an important role in main-
taining homeostasis by producing antibacterial sub-
stances and maintaining a host symbiotic bacterial bal-
ance. The latest data represent disorders of the intestinal
mucosal barrier, especially Paneth cells, which are in-
volved in the initiation and continuation of IBD **!. Au-
tophagy, a type of cellular stress response, encompasses
a variety of physiological processes such as secretion
of proteins, production of antimicrobial peptides and
degradation of abnormal organs or proteins. In recent
years, the role of autophagy in IBD caused by pathologi-
cal conditions has been well studied. A recent study by
WANG P showed that Paneth cells autophagy in IBD is
similar to many autophagy-related protein mutations in
Paneth cells.

In situation of multiple stresses, autophagy begins
to cause a self-protective response that plays an impor-
tant role in physiological processes, such as production
of secreted antimicrobial peptides and degradation of

abnormal organs. It also relieves over-activated inflam-

mation and self-invasive responses. Abnormal function
of autophagy is considered a major cause of IBD and
may be related to the reduction of microbial death and
the secretion of antibacterial substances. Based on the
above evidence, an increasing number of researchers are
beginning to focus on new therapeutic strategies for in-
flammation of autophagy and immune-related diseases.
6.2 Diarrhea

Diarrhea is a common gastrointestinal disease that
affects the health of the human body. Research reports
that changes in intestinal barrier permeability was one of
the causes of diarrhea. The intestinal barrier, as the key
to maintaining intestinal health, protects epithelial cells
from damage, against the infection of foreign pathogens,
and enables intestinal epithelial cells to undergo normal
differentiation. In the previous section, we mentioned
that intestinal epithelial cells are proliferated and dif-
ferentiated from stem cells at the bottom of the crypt,
but the role of ISCs in diarrhea is not well understood.
Interestingly, THTAGARAJAH P found a decrease in
the number of intestinal epithelial cells in diarrhea, a
decrease in the ratio of villus crypts, and an increase
in the incidence of intestinal pathogens. At the same
time, YE et al®® found that the number of goblet cells
and Paneth cells in the chronic diarrhea of infants and
young children were reduced, and the secretion of
mucous membranes was increased, which increased
the susceptibility of pathogens. Based on the above
experimental results, it can be concluded that ISCs,
epithelial cells and the loss of their growth factors
can cause intestinal disorders and chronic diarrhea. In
chronic diarrhea and congenital diarrhea, Paneth cells
and goblet cells also fail to exert normal functions to
secrete antimicrobial peptides and mucus, increasing
the susceptibility of intestinal pathogens and reducing
the occurrence of serious diseases caused by intestinal

immune function.

7 Colorectal cancer
As described above, inflammation is hallmark of

cancer, inflammation responses are common in tumori-

genesis. Tumor cells are very smart by using unique
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mechanism to resist therapy. In recently, several stud-
ies using Lgr5 as marker for colon CSCs (cancer stem
cells). Lgr5 is a known target of WNT signaling and
plays an important role in CRC (colorectal cancer) de-
velopment. WANG 57 showed that high Lgr5 expres-
sion level was significantly correlated with the occur-
rence of metastasis. JANG ¥ showed that knockdown
of Lgr5 resulted in a decline in the colony-forming and
migration capacities in LoVo colorectal cancer cells.

In colorectal cancer, various levels of WNT sig-
naling exist. Aberrant activation of this pathway is as-
sociated with cell proliferation, invasive behaviors, and
cell resistance, suggesting its potential value as a thera-
peutic target in treatment of CRC. OHASHI ' found
that SKL2001, identified as an activator for WNT sig-
naling by disrupting the Axin/B-Catenin complex,
negatively regulated growth of colon cancer spheroids
cultured in the 3D condition that simulates tumor mi-

croenvironment iz vivo.

8 Conclusion
In general, the intestine has an intricate crypt-

villus structure which plays an important role in the
intestinal epithelial regeneration process. Stem cells
located at the bottom of the crypt maintain intestinal
homeostasis by proliferating and differentiating to dif-
ferent intestinal epithelial cells. Paneth cells alternately
arranged with ISCs protect the stem cell niche by ex-
pressing factors such as EGF, TGFa, and WNT3. At
the same time, Paneth cells ensure the normal function
of stem cells by enhancing mitochondrial oxidative
phosphorylation. In this review, we also describe how
stem cell-associated signaling pathways Notch, WNT,
and BMP regulate stem cell proliferation and differ-
entiation. Paneth cells and stem cell-related signaling
pathways jointly protect ISCs and prevent the occur-
rence of IBD, colon cancer and pancreatic cancer.

The ability of the intestinal epithelial cells to self-
regenerate highlights the importance of stem cells in
our body. Although the strong regenerative capacity of
the intestine has been recognized for a long time, the

exact mechanism of this adaptive response has only

begun to be elucidated, and more research is needed in
the future to reveal its molecular drivers. So, when the
ISCs are missing, in what way does the reserve cells
perceive this deficiency? In the previous section, we
mentioned that Paneth cells regulated the microenvi-
ronment of ISCs through signaling factors, this concept
gives us an inspiration to treat colon cancer by regulat-
ing the microenvironment associated with cancer. The
signaling pathways involved in ISCs and the function
of the intestinal barrier have been well studied, but how
the intestinal microbiota and its metabolites, which are
closely related to the intestinal barrier, affect the integ-
rity of the intestinal barrier remains unclear. We hope
that in the future, organoids can be used to study the
effects of intestinal microbiota and metabolites on stem

cell regeneration, proliferation and differentiation.

ACKNOWLEDGMENTS
We would like to thank HUI Song, ZHAO Cong,

XU Hanyu, ZHAO Li for their suggestions on the
manuscript. We also thank LIN JJ’s songs for inspiring

me to never say give up.

References

[1] ODENWALD M A, TURNER J R, et al. The intestinal epithelial
barrier: a therapeutic target? [J]. Nat Rev Gastroenterol Hepatol,
2017, 14(1): 9-21.

[2] DE MEY J R, FREUND J. Understanding epithelial homeostasis
in the intestine [J]. Tissue Barriers, 2014, 1(2): €24965.

[3] ZAREPOUR M, BHULLAR K, MONTERO M, et al. The mucin
muc2 limits pathogen burdens and epithelial barrier dysfunction
during salmonella enterica serovar typhimurium colitis [J]. Infect
Immun, 2013, 81(10): 3672-83.

[4] BARKER N, VAN OUDENAARDEN A, CLEVERS H, et al.
Identifying the stem cell of the intestinal crypt: strategies and
pitfalls [J]. Cell Stem Cell, 2012, 11(4): 452-60.

[5] MOOSSAVI S. Heterogeneity of the level of activity of Igr5*
ISCs [J]. Int J Mol Cell Med, 2014, 3(4): 216-24.

[6] CLEVERS H. The intestinal crypt, a prototype stem cell
compartment [J]. Cell, 2013, 154(2): 274-84.

[7] HAZEL CHENG C P L. Origin, differentiation and renewal of
the four main epithelial cell types in the mouse small intestine [J].
AM. J. ANAT, 1974, 141: 537-62.

[8] BARKER N, HUCH M, KUIALA P, et al. Lgr5*ve stem cells
drive self-renewal in the stomach and build long-lived gastric
units in vitro [J]. Cell Stem Cell, 2010, 6(1): 25-36.

[9] DULAIMI D A. Recent advances in liver disease [J]. Gastroen-
terol Hepatol Bed Bench, 2016, 9(2): 150-2.

[10] GUIU J, HANNEZO E, YUI S F, et al. Tracing the origin of adult



356

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

ISCs [J]. Nature, 2019, 570(7759): 107-11.

BARKER N. Adult ISCs: critical drivers of epithelial homeosta-
sis and regeneration [J]. Nat Rev Mol Cell Biol, 2014, 15(1): 19-
33.

SIMONS B D, CLEVERS H. Strategies for homeostatic stem cell
self-renewal in adult tissues [J]. Cell, 2011, 145(6): 851-62.
FAIR K L, COLQUHOUN J, HANNAN N, et al. Intestinal or-
ganoids for modelling intestinal development and disease [J].
Philos Trans R Soc Lond B Biol Sci, 2018, 373(1750): 20170217.
ANDERSSON-ROLF A, ZIBAUER M, Koo B, et al. Stem cells
in repair of gastrointestinal epithelia [J]. Physiology, 2017, 32(4):
278-89.

JIN'Y, PATEL P H, KOHLMAIER A, et al. ISCs pool regulation
in drosophila [J]. Stem Cell Reports, 2017, 8(6): 1479-87.

TAN W M, BARKER N. Intestinal stem cells and their defining
niche [J]. Curr Top Dev Biol, 2014, 107C(107C): 77-107.
STAPPENBECK T S. Paneth cell development, differentiation,
and function: new molecular cues [J]. Gastroenterology, 2009,
137(1): 30-3.

CLEVERS H C, BEVINS C L. Paneth cells: maestros of the small
intestinal crypts [J]. Annu Rev Physiol, 2013, 75: 289-311.
MASTROIANNI J R, OUELLETTE A J. a-defensins in enteric
innate immunity [J]. J Biolo | Chem, 2009, 284(41): 27848-56.
CAZORLA S I, MALDONADO-GALDEANO C, WEILL R, et
al. Oral administration of probiotics increases Paneth cells and in-
testinal antimicrobial activity [J]. Front Microbiol, 2018, 9: 736.
RIBA A, OLIER M, LACROIX-LAMAND 8, et al. Paneth cell
defects induce microbiota dysbiosis in mice and promote visceral
hypersensitivity [J]. Gastroenterology, 2017, 153(6): 1594-606.
WANG F, SCIVILLE D, HE X C, et al. Isolation and characteriza-
tion of ISCs based on surface marker combinations and colony-
formation assay [J]. Gastroenterology, 2013, 145(2): 383-95.
CHANG J, CHANCE M R, NICHOLAS C. Proteomic changes
during intestinal cell maturation in vivo [J]. J Proteomics, 2008,
71(5): 530-46.

JONES J C, BRINDLEY C D, ELDER N H, et al. Cellular plastic-
ity of defa4(Cre)-expressing paneth cells in response to Notch
activation and intestinal injury [J]. Cell Mol Gastroenterol Hepa-
tol, 2019, 7(3): 533-54.

HUELS D J, BRUENS L, HODDER M C, et al. Wnt ligands influ-
ence tumour initiation by controlling the number of ISCs [J]. Nat
Commun, 2018, 9(1): 1132.

BISWAS S, DAVIS H, IRSHAD S, et al. Microenvironmental
control of stem cell fate in intestinal homeostasis and disease [J].
J Pathol, 2015, 237(2): 135-45.

VANDUSSEN K L, CARULLI A J, KEELEY T M, et al. Notch
signaling modulates proliferation and differentiation of intestinal
crypt base columnar stem cells [J]. Development, 2012, 139(3):
488-97.

NOAH T K, SHROYER N F. Notch in the intestine: regulation of
homeostasis and pathogenesis [J]. Annu Rev Physiol, 2013, 75:
263-88.

HUAN Y W, BENGTSSON R J, MACINTYRE N, et al. Lawso-
nia intracellularis exploits B-catenin/Wnt and Notch signalling
pathways during infection of intestinal crypt to alter cell homeo-
stasis and promote cell proliferation [J]. PLoS One, 2017, 12(3):
e173782.

[30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

GUO Z, OHLSTEIN B. Bidirectional Notch signaling regulates
Drosophila ISCs multipotency [J]. Science, 2015, 350(6263):
b988.

YAN K S, GEVAERT O, ZHENG G X Y, et al. Intestinal en-
teroendocrine lineage cells possess homeostatic and injury-
inducible stem cell activity [J]. Cell Stem Cell, 2017, 21(1):
78-90.

YU S, TONG K, ZHAO Y. Paneth cell multipotency induced
by Notch activation following injury [J]. Cell Stem Cell, 2018,
23(1): 46-59.

SANCHO R, CREMONA C A, BEHRENS A, et al. Stem cell
and progenitor fate in the mammalian intestine: notch and lateral
inhibition in homeostasis and disease [J]. EMBO Rep, 2015,
16(5): 571-81.

ZOU WY, BLUTTS E, ZENG X, et al. Epithelial WNT ligands
are essential drivers of ISCs activation [J]. Cell Rep, 2018, 22(4):
1003-15.

FARIN H F, JORDENS I, MOSA M H, et al. Visualization of a
short-range WNT gradient in the intestinal stem-cell niche [J].
Nature, 2016, 530(7590): 340-3.

TEMPEST N, BAKER A M, WRIGHT N A, et al. Does human
endometrial LGRS gene expression suggest the existence of an-
other hormonally regulated epithelial stem cell niche? [J]. Human
Reprod, 2018, 33(6): 1052-62.

SATO T, VAN ES J H, SNIPPERT H J, et al. Paneth cells consti-
tute the niche for Lgr5 stem cells in intestinal crypts [J]. Nature,
2011, 469(7330): 415-8.

TIAN A, BENCHABANE H, AHMED Y. Wingless/Wnt
signaling in intestinal development, homeostasis,regeneration
and tumorigenesis: a drosophila perspective [J]. J Dev Biol,
2018, 6(2): 8.

WANG S, CHEN Y. BMP signaling in homeostasis, transforma-
tion and inflammatory response of intestinal epithelium [J]. Sci
China Life Sci, 2018, 61(7): 800-7.

TIAN, JIANG J. Dual role of BMP signaling in the regulation of
Drosophila ISCs self-renewal [J]. Fly, 2017, 11(4): 297-302.
BARKER N, VAN ES J H, KUIPERS J, et al. Identification of
stem cells in small intestine and colon by marker gene Lgr5 [J].
Nature, 2007, 449(7165): 1003-7.

PASTORELLI L, DE SALVO C, MERCADO J R, et al. Central
role of the gut epithelial barrier in the pathogenesis of chronic
intestinal inflammation: lessons learned from animal models and
uman genetics [J]. Front Immunol, 2013, 4: 280.
BLOEMENDAAL, AL A, BUCHS N C, GEORGE B D, et al.
ISCs and intestinal homeostasis in health and in inflammation: a
review [J]. Surgery, 2016, 159(5): 1237-48.

CHEN Q. Mesenchymal stem cells alleviate TNBS-induced
colitis by modulating inflammatory and autoimmune responses
[J]. World J Gastroenterol, 2013, 19(29): 4702.
CASTRO-MANRREZA M E, Montesinos J J. Immunoregulation
by mesenchymal stem cells: biological aspects and clinical appli-
cations [J]. J Immunol Res, 2015, 2015: 1-20.

KIM'Y S, HO S B. Intestinal goblet cells and mucins in health
and disease: recent insights and progress [J]. Curr Gastroenterol
Rep, 2010, 12(5): 319-30.

PELASEVED T, BERGSTOM J H, GUSTAFSSON J K, et al. The
mucus and mucins of the goblet cells and enterocytes provide the



O 2R g T AR i E R B A i A S A A

357

[48]

[49]

[50]

[51]

[52]

[53]

[54]

first defense line of the gastrointestinal tract and interact with the
immune system [J]. Immunol Rev, 2014, 260(1): 8-20.
CEDERLUND A, GUDMUNDSSON G H, AGERBERTH B,
et al. Antimicrobial peptides important in innate immunity [J].
FEBS J, 2011, 278(20): 3942-51.

PANO N, SHAI Y. Can we predict biological activity of antimi-
crobial peptides from their interactions with model phospholipid
membranes? [J]. Peptides, 2003, 24(11): 1693-703.

WANG S, SHAO B, ZHAO S, et al. Impact of paneth cell autoph-
agy on inflammatory bowel disease [J]. Front Immunol, 2018, 9.
CUNLIFFE R N. a-Defensins in the gastrointestinal tract [J].
Mol Immunol, 2003, 40(7): 463-7.

KIM J M. Antimicrobial proteins in intestine and inflammatory
bowel diseases [J]. Intest Res, 2014, 12(1): 20.

LIU T, GURRAM B, BALDRIDGE M T, et al. Paneth cell de-
fects in Crohn’s disease patients promote dysbiosis [J]. JCI In-
sight, 2016, 1(8): 86907.

WANG S, SHAO B, ZHAO S, et al. Impact of paneth cell autoph-
agy on inflammatory bowel disease [J]. Front Immunol, 2018, 9:

[55]

[56]

[57]

[58]

[59]

693.

THIAGARAIAH J R, KAMIN D S, ACRA S, et al. Advances in
evaluation of chronic diarrhea in infants [J]. Gastroenterology,
2018, 154(8): 2045-59.

YE Z, HUANG Y, ZHENG C, et al. Correction: clinical and ge-
netic spectrum of children with congenital diarrhea and enteropa-
thy in China. Genet Med, 2019, 21(9): 2163.

WANG W, WAN L, WU S, et al. Mesenchymal marker and
LGRS expression levels in circulating tumor cells correlate with
colorectal cancer prognosis [J]. Cellular Oncology, 2018, 41(5):
495-504.

JANG B G, KIM H S, CHANG WY, et al. Expression profile of
LGRS and its prognostic significance in colorectal cancer pro-
gression [J]. Am J Pathol, 2018, 188(10): 2236-50.

OHASHI W, YAMAMINE N, IMURA J, et al. SKL2001 sup-
presses colon cancer spheroid growth through regulation of the
ecadherin-B-catenin complex [J]. Biochem Biophys Res Com-
mun, 2017, 493(3): 1342-8.





