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Abstract

Cytokines, growth factors or hormones take action through the JAK/STATS5 signaling pathway,
which plays a critical role in regulating the intestinal response to infection and inflammation.
However, the way in which STATS5 regulates intestinal epithelial compartment is largely ignored
due to the lack of genetic tools for proper exploration and because the two STAT5 transcription
factors (STAT5A and STAT5B) have some redundant but also distinct functions. In this review
article, by focusing on STATS5 functions in the intestinal undifferentiated and differentiated
epithelia, we discuss major advances of the growth factor/cytokine-JAK/STATS5 research in view
of intestinal mucosal inflammation and immunity. We highlight the gap in the research of the
intestinal STAT5 signaling to anticipate the gastrointestinal explorative insights. Furthermore, we
address the critical questions to illuminate how STATS5 signaling influences intestinal epithelial
cell differentiation and stem cell regeneration during homeostasis and injury. Overall, our article
provides a centric view of the relevance of the relationship between chronic inflammatory diseases
and JAK/STATS pathway and it also gives an example of how chronic infection and inflammation
pirate STATS5 signaling to worsen intestinal injuries. Importantly, our review suggests how to
protect a wound healing from gastrointestinal diseases by modulating intestinal STATS5.
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1. Anoverview of the JAK/STATS pathway

The JAK/STAT pathway is one of the major cellular pathways that integrates signals from
cytokines, growth factors, and hormones to regulate three main cellular processes: cell fate,
cell survival, and genome maintenance. The JAK/STAT signaling cascade regulates gene
expression in all eukaryotic cells, promoting cell cycle progression, survival and steering of
metabolism. Generally, the JAK/STAT signaling pathway is initiated upon binding of a
ligand to a growth factor or cytokine receptor, upon which the receptors are being
autophosphorylated in the case of growth factor receptors, which are usually JAK-
independent, or efficiently tyrosine phosphorylated by JAK on many target tyrosine residues,
that serve as docking sites for SH2 domain-containing molecules, such as STAT5A/B (Fig.
1). Upon tyrosine phosphorylation, STATs change the conformation drastically from an anti-
parallel dimer to a parallel dimer, where both complexes were proven in crystallized forms
[1,2]. It is thought that parallel dimer formation is most efficient for translocation into the
nucleus, even though shuttling in and out of the nuclear pore occurs constantly and
differently, most likely dependent on the cell types. Nuclear shuttling of STAT3/5 is
facilitated by the Nucleophosmin protein (NPM), frequently translocated in cancer and
associated with the DNA damage machinery that associates with BRCA1/2 proteins, serving
as scaffold proteins for DNA damage repair, once RAD51 as classic STATS target gene
products are decorated on BRCA proteins.

As mentioned above, JAK/STAT pathway regulates gene expression in all eukaryotic cells,
and a remarkable example of the conservation of the JAK/STAT pathway is the STAT3
species conservation. This is supported by the insights we got by analyzing the Tasmanian
devil facial tumor disease, in which STAT3 shares >99% amino acid sequence homology
with human STAT3 orthologue. More precisely, human and Tasmanian devil STAT3 differ in
6 amino acids, and additionally Tasmanian devil STAT3 has one extra threonine at position
748 [3]. Interestingly, in comparison to STAT family members, JAK kinases appeared quite
late during evolution. The first bona fide JAK-like protein is represented in the basal
metazoan porifera lineage, found in Ephydatia fluviatilis. However, this JAK-like protein
lacks pseudo-kinase domain. JAK proteins inclusive of the pseudo-kinase domain appear in
bilateria [4]. In comparison, proteins resembling metazoan STATSs appeared by the time of
amoebozoan divergence, although they lack N-terminal and transactivation domain (TAD).
Members of anemone and nematode contain proteins similar to STATSs, which include N-
terminal and TAD, respectively [5]. This suggests that before JAK tyrosine kinases came
about, the conserved STAT domains must have evolved with different functions independent
of tyrosine phosphorylation. This suggests further that many fundamental STAT functions
for genome maintenance, as well as the proliferation and steering of metabolism, during the
early stages of evolution, could have evolved first, maintaining STAT function independent
of tyrosine phosphorylation. There are seven different mammalian STAT gene products, and
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the orthologues of all seven of them exist in teleostean fish. This proves, that STAT domain
structures were already complete before the teleost-tetrapod split 450 million years ago [6].
In Drosophila melanogaster, a canonical JAK/STAT pathway consists of three UPD ligands,
a transmembrane receptor Domeless, a JAK kinase called Hopscotch, and a transcription
factor STAT92E [7]. The genetic mapping of mammalian STATS suggests the colocalization
of STAT1-STAT4, STAT2-STAT6 and STAT3-STAT5A/5B linked to different chromosomes
respectively, which suggests that a primordial gene had duplicated and that the whole
duplication was further divided. The Drosophila gene, encoding STAT92E, seems to be most
similar to STATS5, which leads to the conclusion that STAT3-STAT5A/B are the most
ancestral among all STAT genes [8]. Regarding gastrointestinal relevance, JAK/STAT
signaling is in Drosophila melanogaster essential for mid- and hindgut homeostasis. A
similar situation occurs in mammals when enterocytes are subjected to apoptosis or stress, in
Drosophila, UPD ligands are produced to trigger STAT92E to promote division of
enterocytes and epithelial regeneration [9]. Even though there is a lot of literature on STAT3
signaling in intestinal cell types, which is reported in [10,11], there seems to be no
comprehensive STATS5 intestinal function overview article to this point. Thus, our primary
focus in this contribution will be on STATS5. First, we introduce activation by multiple
pathways, then we describe the structure and function of intestinal epithelial monolayer,
subsequently, we move to STATS5 function in the intestinal epithelia.

Different activity of STAT5A and STAT5B gene products

The STAT5 locus encodes two distinct gene products, STAT5A and STAT5B (Fig. 2), both
located on chromosome 17g21.2, encoded in two different genomic orientations with two
distinct promoters driving in different directions. The locus possibly also has a bi-cistronic
element(s) influencing transcription in both directions via chromatin looping events. This is
autoregulated by STATS5 and counteracted by the locus repressor BCL6 or other repressor
complexes such as YY1/BCOR/NCOR [12,13,14]. STAT5A and STAT5B display
approximately 92% identity (731 amino acids out of 794). However, they additionally share
12 similar positions, which makes them approximately 94% similar. Considering that
STAT5A consists of 794 amino acids and STAT5B of 787 amino acids, with STAT5B having
the C-terminal 12 amino acids shorter, aligning the two proteins excluding the last amino
acids of C-terminus, where most differences are located, revealed that the two proteins are
approximately 94% identical and 95% similar based on the first 774 and 779 amino acids of
STATS5A and STATS5B, respectively (Fig. 3). Most differences are located in both extreme N-
and C-termini, but also the DNA binding properties between STAT5A and STAT5B differ,
namely, STAT5B binds more promiscuously and strongly to DNA with very different and
versatile spacing to palindromic invert repeat sequences, affecting gene regulation
differently. Further, some gene product-specific differences exist in secondary post-
translational modifications, with functional consequences for nuclear shuttling, chromatin
function, activity duration, or protein half-life. STAT5A and STAT5B also have distinct non-
redundant functions that are particularly noticeable in distinct cell types. The differences are
also related to distinct protein—protein interaction, chromatin assembly, or difference in
protein turnover and expression. Moreover, the kinetics of down-regulation by tyrosine
phosphatase and docking of phosphatases is unique due to the sequence diversity in the
phosphatase binding region following the critical tyrosine residue in a stretch of
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approximately 30-60 amino acids. STAT5B is more dominantly expressed in natural Killer,
muscle cells, as well as liver hepatocytes, liver endothelium and cholangiocytes, whereas
STATS5A is more abundantly expressed in different epithelial cell types from the mammary
gland [15-18]. Therefore, mice with the deletion of Stat5a or Stat5h display distinct
phenotypes [19,20]. Stat5a and Stat5b double knockout mice survive on a mixed genetic
background of C57BL/6xSv129j, even though this results in perinatal lethality in
approximately 92-96% [21]. Only 1-2% of Stat5a/b null phenotype survive, and these
survivors have a severe growth retardation and very high pYStat3 activity as a compensatory
mechanism. Examination of Stat5 double knockout embryos revealed that these embryos
were anemic, leukopenic, had smaller spleens and thymi, and disordered thymic
architecture, which results in severe combined immunodeficiency phenotype [22]. The
intestinal phenotype of Stat5 knockout mice so far hasn’t been vigorously investigated.
However, the analysis of Gl tract phenotype of Stat5a/b null mice during embryonic
development might not reveal strong difference, since villi differentiation is dependent on
microbiota and nutrient intake, which is only present after birth. Therefore, such studies of
Gl tract architecture should be carried out on the mixed genetic background survivor mice,
as well as Stat5a/b single knockout mice. Statba or Stat5bh knockout strains are viable, albeit
both have developmental defects and many subtle abnormalities in blood lineages. Stat5a
knockout mice have undeveloped mammary glands and defects during pregnancy due to
progesterone signaling. In contrast, Stat5b knockout mice show dwarfism, lower hepatic
RNA biosynthesis capacity, lower glucose and lipid metabolism, sexual conversion with
marked gender differences affecting, for example, drug metabolism due to sex-specific
differences in p450 cytochrome enzyme upregulation downstream of growth hormone action
[19,15,23,20,24]. Our previous reports showed that Stat5b-deficient mice have an increased
gut mucosal barrier dysfunction [25,26]. Specific deletion of total Stat5a/b in intestinal
epithelial cells impairs intestinal tight junction barriers, particularly, ZO-1 expression
reduction and disruption in the intestinal and colonic epithelia, resulting in susceptibility to
intestinal inflammation [27,28]. This indicates the requirement of Stat5 function in intestinal
epithelial physiology [25-28].

Interactions of STAT5A and STAT5B

Simply put, STAT5A and STAT5B function as homo- or heterodimers or homo- or
heterotetramers, assembling with several STAT family members on higher order chromatin.
STATS is not only a transcription factor, but it also regulates gene expression as an important
effector molecule of chromatin topology [30]. A STATS5 protein has three different dimer
interfaces for complex formation: (A) the N-domain essential for oligomerization, (B) the
coiled-coil domain essential for DNA binding, which occurs even in absence of tyrosine
phosphorylation, (C) the SH2 domain essential for dimerization via SH2 domain-pY residue
contact.

Both STAT5A/B proteins are tyrosine phosphorylated and efficiently activated by broad
spectra of cytokines and hormones, including Prolactin, Growth Hormone, Erythropoietin,
Thrombopoietin, Oncostatin M, Granulocyte Colony Stimulating Factor, Granulocyte
Macrophage Colony Stimulating Factor [31], many Interleukins, e.g. all those that use the
common gamma chain, except for IL-21, to induce gene transcription in concert with co-
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activator protein interaction. STAT5 can also be activated by growth factors such as Stem
Cell Factor, FLT3 Ligand, Hepatocyte Growth Factor-, Epidermal Growth Factor-,
Fibroblast Growth Factor-, Platelet-Derived Growth Factor- family members and other
cytokines/growth factors/chemokines [16] (Fig. 1). In rare cases, they can also repress gene
transcription through co-repressor protein interaction (Fig. 2). STAT5 activation is, however,
not only regulated by tyrosine phosphorylation, but also by serine/threonine phosphorylation
and other post-translational modifications, such as acetylation/sumoylation at lysine residues
and glycosylation at Ty, which is known to enhance tyrosine phosphorylation to trigger
oncogenic transcription in STAT5A, but different and unexplored in STAT5B, in which the
glycosylation at a similar conserved threonine residue has been shown [29,32-34]. The
addition of O-GIcNACc to proteins is dependent on UDP-GIcNAc, which serves as substrate
for O-GIcNAc transferase, and is synthesized in the hexosamine biosynthetic pathway upon
glucose uptake. This post-translational modification regulates the activity of approximately
3000 different proteins, including transcription factors, such as STAT5, P53, c-MYC,
FOXO1 and CREB. This essential enzyme is found in different organisms, from humans to
Drosophila. In human cells, it is enriched at sites of active transcription and is a part of
Polycomb repressor complex in Drosophila [35,36]. Polycomb repressor complex in
Drosophila maintains Hox gene expression to make cell fate decisions during organogenesis,
and Hox initiates genetic cascade in concert with the JAK/STAT pathway [37]. Furthermore,
OGT has been shown to stabilize TETL1 in the nuclei of embryonic stem cells at transcription
start sites to promote transcription and, as shown in Fig. 1, STATS5 recruits TET1/2 to
promote DNA demethylation and transcription. As we previously showed, this post-
translational modification in STAT5A, but not STAT5B, controls tyrosine phosphorylation
and oncogenic transcription [29]. Taken together, OGT and O-GIcNAc regulate gene
expression by directly influencing transcription factors and RNA Pol I, but also by
interacting with epigenetic modifiers. Moreover, STAT5A activation by this enzyme might
further enhance the effects of OGT, as they both act on similar key proteins controlling the
epigenome or gene regulation per se. Furthermore, there are several studies providing proof
for cross-talk between STATS proteins and members of the steroid receptor family, such as
Glucocorticoid Receptor (GR), Mineralocorticoid Receptor (MR), Progesterone Receptor
(PR), Estrogen Receptor (ER) alpha and beta, and Androgen Receptor (AR; Fig. 2), as these
share high homology in their amino acid sequence and have a conserved domain structure.
GR, MR and PR have been shown to functionally synergize with STATS5, while ER
antagonizes STATS transcription induction from the S-CASE/N gene promoter. The AR was
shown to have no effect on STAT5 transcriptional function from the g-CASE/N gene
promoter but highly synergizes with STAT5A and STAT5B to promote survival and cell
cycle progression in prostate cancer cells [38-40].

2. Intestinal epithelial cells (IEC), intestinal stem cells (ISC) and niche

cells

The intestinal epithelial stem cells (IESC) are one of the most rapidly proliferating cells in
adult mammals. They function throughout a lifetime to maintain homeostasis by
differentiating into intestinal epithelial cells (IEC). The intestine contains a semipermeable
physiological barrier, which requires homeostasis [41]. Many commensals important for
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metabolic functions providing, e.g. essential amino acids and other energy supplies to the
body, need to be balanced. It is therefore not surprising, but largely underappreciated, that
the highest number of immune cells in the body reside in the Gl tract. The intestinal
epithelia comprise 6 differentiated lineages: Enterocytes, Goblet, Enteroendocrine,
Microfold (M cells), Paneth and Tuft cells, which are renewed every 4 to 5 days in
mammals, except for Paneth cells [42]. IESC reside at the crypt bottoms, and they proliferate
and differentiate to replenish cells that form a homeostatic intestinal monolayer [43]. IESC
differentiate into two distinct progenitor cells; enterocytes are differentiated from absorptive
progenitor cells, while goblet and enteroendrocrine cells are differentiated from secretory
progenitor cells [44,41]. Differentiating IEC migrate upwards the crypt-villus axis during
their life and development, while some fully differentiated cells, like Paneth cells, migrate
from the transient amplifying (TA) differentiation zone downwards and reside at the crypt
base to live for 6-8 weeks (Fig. 4), where they serve as niche cells to protect IESC from
insults and providing complex signals for IESC self-renewal [44-46]. However, the
underlying mechanism of upwards Paneth cells during infection and inflammation is still a
puzzle. IESC are roughly categorized as either active or quiescent IESC. Active IESC, the
majority of which are LGR5" crypt base columnar cells (CBC), maintain intestinal lineage
development and self-renewal with rapid cycling [47,48]. These cells are highly sensitive to
intestinal injury, surrounded by Paneth niche cells at a constant number of around 15
LGR5M IESC and 10 Paneth cells [49]. In contrast, quiescent IESC (also called label-
retaining cells, LRC) are present at the “+4” crypt position, contributing to homeostatic
regenerative capacity, particularly during recovery from injury [50]. Quiescent IESC express
markers such as BMI1, mTERT, and/or LRIG1 [48], and resemble the DLL1 secretory
precursors that can convert to active IESC or secretory progenitors in response to injury
[51]. Interestingly, quiescent IESC are also labelled as an LGR5!°VKi67+ population that can
be reactivated to differentiate into hormone-producing enteroendocrine cells by increasing
Notch ligands or into Paneth-like cells via activating WNT, STAT5 or MAPK signaling
[51-55]. In spite of a long-term debate how Paneth-like cells become niche cells, current
studies indicate that IESC/progenitor as well as their niche cells retain a highly hierarchical,
heterogeneous, and plastic phenotype during lineage commitment and repair. WNT, Notch,
BMP, Hedgehog, Hippo—YAP, or JAK/STAT signaling (Fig. 4) regulate IESC homeostasis
and regeneration either IESC-autonomously or through niche factors, such as WNT3a or 5a,
R-Spondin, Notch ligands (JAG1/2), TGF, inflammatory cytokines, and bacterial
metabolites (Butyrate) [56-61]. Furthermore, these niche factors can induce ISC progenitors
to differentiate into absorptive enterocytes and secretory cells. However, we still need to
further explore the components of niche factors during gut injury and repair (see Fig. 5).

As depicted in Fig. 4, the signaling network controlling IESC self-renewal and lineage
differentiation is extremely complex, not accounting for immune cell interplay involving,
e.g. communication with commensals or the AXL/MER/TERO tyrosine kinase receptor
family and their ligands [33]. AXL tyrosine Kinase is a direct target of STAT5 in
hematopoietic cell types, facilitating immune cell control or prolonged pY STAT5 action
when activated by its ligands [62]. Therefore, the signaling network must be tightly
regulated to maintain intestinal homeostasis. Many essential stromal cell interactions or
microbiota consequences in the context of cytokine-STATS signaling are poorly studied.
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Overall, the underlying mechanisms that regulate lineage differentiation of secretory cells
such as goblet, Paneth, or enteroendocrine cells of the colon are incompletely understood.

The IESC are interspersed at the crypt bottom between fully differentiated CD24* CD44*
Paneth-like cells in a such way that results in the maximization of the contact area (CD24*
CD44* -stem cell) [45]. These secretory cells are also residents at the colonic crypt base to
serve as an IESC niche, which can be labeled by specific antibodies against cKIT, REG4,
MUC?2, or by Alcian Blue (AB) staining [44]. These fully differentiated, post-mitotic cells
were found to produce WNT3 and WNT11, EGF, TGF-a, and to express the Notch ligand
DLL4 to support IESC maintenance [45]. In addition to supporting IESC renewal, these
cells are capable to de-differentiate upon injury to acquire stem cell features, to proliferate
and to re-differentiate to maintain intestinal homeostasis [63,64]. WNT activation was also
shown to be crucial for reverting mTERT™ cells from a quiescent state to fast-proliferating
cells. In contrast, increased Notch signaling was indicated upon irradiation injury and Paneth
cell metaplasia, whereas acute Notch inhibition induces the niche repair, upon which colonic
homeostasis is restored [64,65,66]. Moreover, SCF/c-KIT signaling and downstream
amplification via kinase cascades, such as the PI3BK/AKT-mTOR activation and GSK3p
inhibition, are of functional relevance for Paneth-like cell dedifferentiation during chronic
inflammation [63]. Here, it should be noted that mTOR can directly phosphorylate
STAT5A/B at the serine residue in the coiled-coil domain (Fig. 2) and that STATS5 can
transcriptionally drive AKT isoforms, as well as interact with PI3K-AKT binding directly in
a cytoplasmic complex to the p85 subunit of PI3K via GAB1/2 scaffold proteins [15,30].
The exact mechanism and signals required for these fully differentiated, post-mitotic
epithelial cells, and whether or not they require STAT5A/B protein function to adopt stem
cell features, remains unclear. Besides, other IESC niche cells might have important roles. In
particular, mesenchymal niche cells will need further investigation before we can illuminate
or review them within a STAT5 centric vision. The exact number of niche cells contributing
to intestinal homeostasis maintenance is unknown. However, there is some strong evidence
supporting the role of mesenchymal niche cells. Subepithelial myofibroblasts marked by
PDGFRa were shown to be an essential source of WNTs and RSPO3 [67]. Importantly, the
PDGFRp chain is in neoplastic T-cells under direct STAT5 transcriptional control, and
PDGFR signaling or hyperactivation through translocations with its kinase part captures
pYSTATS action [68,69]. Of note, intestinal telocytes, marked by FOXL1, PDGFRa, and
CD34 play an important role in the regulation of proliferation and differentiation, by
expressing high levels of both, activators and repressors [70]. As shown in Fig. 4, these cells
secrete WNT2b, WNT5a, RSPO3, and BMP4-7, but also their antagonists, such as DKK3
and sFRP1, CHORDIN-LIKE1 and GREMLIN1, highlighting the capability of these cells to
tightly regulate proliferation at the crypt bases, as well as differentiation in the villi [70].
GLI1* cells are WNT-producing cells localized near the crypt bases [71]. Studies found that
these cells could compensate for the absence of WNT-secreting Paneth cells in the small
intestine /n vivo, accounting for the absence of exogenous WNT 3ain the development of
colonic organoids. Moreover, the morphology of co-cultured colonic organoids was very
similar to those cultured with exogenous WNT3a [71]. SCRNA-seq data on single-sorted
colonic GLI1* cells revealed eight different clusters with PDGFRa transcripts present
among all clusters and WNT2, WNT2b, WNT4 transcripts overlapping with CD34
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transcripts in two of the clusters. However, only one GLI1* cluster showed high levels of
RSPO3transcripts, indicating different subsets of PDGFRa expressing cells [71]. The
number of different cell types of the epithelial or mesenchymal origin, that orchestrate IESC
renewal and maintenance, remains to be explored.

3. The JAK/STATS pathway in the intestinal homeostasis and diseases

The gastrointestinal tract is not only a digestive organ, but it is also an immune and
endocrine unit [72]. Homeostatic tissue renewal is regulated by epithelial niche, secretory
lineages or mesenchymal niche populations. Behavior and fate of LGR5* stem cells highly
depend not only on classical morphogens, which are described above and extensively
reviewed in [73], but also on immune-derived factors. The regulation of intestinal mucosal
immunity by JAK/STATS5 has been well reported in the past decades [74,75,26]. These
findings demonstrate that intestinal JAK/STATDS is the key signaling in the lamina propria T
lymphocytes [76], macrophages/dendritic cells [31,77], M cells [78], and the survival factor
of intraepithelial ap or y8 T-cells during homeostasis [79,80]. The intestinal JAK/STATS
plays a nodal role in various gut cytokines, hormones, and growth factors-mediated mucosal
destruction or protection [81,82]. Immune responses in infection and inflammation of the
intestinal epithelium play a key role in regeneration, which is directly dependent on ISC
proliferation. Some of the transducers from immune cells to epithelial signaling are not
known, e.g. group 3 innate lymphoid cells from stroma regulate epithelial Hippo-YAP
pathway, but so far it has been clarified whether this is mediated by IL-6 or group 3 innate
lymphoid cells act directly on the epithelium [73]. As reviewed extensively in [83],
cytokines produced by immune cells, such as IL-6 and TNF-a., promote regeneration of the
injured mucosa, acting directly on epithelial cells. IL-6-related proteins in Drosophila, which
are known as UPD ligands, engage STATS to stimulate intestinal repair. Immune cells-
derived factors, such as cytokines, have been investigated on intestinal organoid 3D cultures.
These investigations revealed that organoid treatment with IL-2, which activates STAT5 as a
downstream effector, promotes the growth of organoids and expression of markers of mature
intestinal epithelial cells. Cytokines such as, IL-4 and IL-13 have been shown to promote
Tuft cell maturation, which react to parasite antigens [84]. Furthermore, IL-17 regulates the
integrity of intestinal epithelial barrier and induces transcription of antimicrobial peptides,
protecting the tissue from microbiota translocation and subsequent inflammation.
Interestingly, STAT5A and STAT5B have in particular very important neonatal functions for
v6 T-cell generation. y8 T-cells are innate immune cells involved in intestinal epithelial
homeostasis by playing a protective role upon epithelial barrier dysfunction and
microorganisms translocation, exerting pro- and anti-inflammatory responses. IL-17-
producing RORyt* y8 T-cells (y8T17 cells) are lymphocytes that regulate immune
responses during infection and inflammation. However, recent studies show that STATS5 is
required for the expansion of these cells, as mice with conditional lack of STAT5 in RORyt*
v6 T-cells showed loss of y8T17 cells. Furthermore, it was shown that STAT5A promotes
IL-17-producing y8T17 cells and down-regulates T-bet, while STAT5B promotes IFN-y-
producing -y6 T-cells and increases T-bet intestinal expression [79]. In addition, IL-9 induces
IL-8 to increase neutrophil infiltration into gut mucosa, leading to the overactivation of
STATS in the intestinal epithelial compartment that interferes with mucosal healing [85],
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while an impaired IL-15 delivery results in diminished colonic STAT5 phosphorylation in
the Treg cells, which propagates intestinal inflammation in inflammatory bowel diseases
(IBD) [86]. Interestingly, the reports regarding the role of JAK/STATS in the intraepithelial
T-cells or innate lymphoid cells [87] are controversial. It has been reported that I1L-15-
induced STATS5 activation in intraepithelial T-cells increases the inflammatory severity of
human Celiac disease [88], whereas STAT5-deficient Treg cells lose suppression of murine
colitis [89]. Furthermore, IL-23- and IL-2-activated STATS5 increases innate lymphoid cell
[87] to release IL-22 and maintains the gut epithelial integrity to prevent from C. rodentium-
induced colitis [80]. Recently, an inflammatory disease-associated enhancer at 77g13.5has
been reported to suppress colitis by recruiting STATS on Lrrc32in Treg cells [90].
Therefore, given these effects of JAK/STATS are dependent on mucosal stimuli, cell types,
and even genetic variations, it is plausible to determine the pathophysiological functions of
JAK/STATS5 in the context of diseases.

The cytokine-JAK/STAT pathway is critically involved in the regulation of IESC
regeneration and IEC lineage differentiation, particularly during intestinal infection and
inflammation [9,60]. Importantly, STATS5 activity is predominantly associated with the
maintenance of the hematopoietic [91], mammary [92], embryonic stem cell, and IESC self-
renewal [27,93], and mammary secretory lineage specification [94]. Loss of STAT5 in
specific somatic stem cells results in a defective immune system, impaired myelopoiesis,
disturbed liver metabolism function, mammary gland atrophy associated with lactation
failure or reproductive tract deficiencies, and intestinal barrier disruption [95,27,28,22]. We
and others reported that STAT5 activation increased IESC regeneration, thereby contributing
to functional tissue formation upon chronic inflammatory injury [27,92]. Moreover, the
absence of STAT5 in the mammary epithelia impairs epithelial adhesion, which was also
shown in IEC monolayers, most likely due to increased NF-xB DNA binding promoting the
high expression of the long chain of the Myosin Light Chain Kinase that upon enzymatic
activity bursts tight junction formation (MLCK promoter), leading to tissue permeability for
commensals upon lost epithelial integrity [28], bacterial infection, chronic injury and tissue
repair processes, predisposing to colon cancer. However, specific IEC cell types regulated by
STATS5 have not been explored yet, which is highly relevant to Gl tract diseases and the
exploration of new therapeutic targets. Intriguingly, the Hans Clevers group has recently
reported that the LGR5!°VKi67* population above Paneth cells contains high STAT5A gene
abundance associated with significantly increased signatures of secretory lineages after
induced activation. These data and our own investigations strongly suggest that pYSTATS5
activation is required for specifying LGR5!°VKi67* IESCs to pYSTAT5*LGR5"CD24* or
CD44* DCSs. Importantly, TcdA and TcdB, primary virulence factors in C. difficile-
associated colitis, pirate STAT5 signaling. TcdA can inhibit JAK2 [96], and TcdB together
with TNFa activates IEC pYSTAT5 [28,97]. Leptin, an adipocytokine that can activate
STATS (and also STAT1/3) in IECs through JAK2 [98], was reported to protect against C.
difficile colitis [99]. Butyrate, a major gut bacterial metabolite, can strongly activate STAT5
to promote cellular proliferation [100]. These findings suggest that the JAK/STAT5 axis
could be a critical pathway for protecting against dysbiosis-induced IEC barrier dysfunction.
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4. Concluding remarks and future directions

In conclusion, STATS5 plays a significant role in regulating the interaction of microbiota and
IEC, mediating chronic inflammatory and promoting mucosal healing. However, which
STATS5, STAT5A or B, promotes healing during disease course is unclear, or whether
STAT5A and STAT5B act in a YIN-YANG scenario similar to STAT1-STAT3 deserves
exploration [101]. Further investigation would be needed to prove its potential as a possible
prognostic marker of inflammation and infection, maybe even target for future therapeutic
interventions in IEC lineage repair. However, the crucial role of STATS5 in intestinal
homeostasis is undeniable. Changing components of the JAK/STAT pathway is not a simple
prediction in chronic inflammatory or infectious disease. The way in which targeting the
JAK/STAT pathway might affect intestinal homeostasis has to be experimentally explored in
relevant model systems to illuminate its involvement in colorectal cancer formation, one of
the big five cancer killers. Pharmacologic intervention studies using STAT5 inhibitors are
also available for /n vivotesting in genetic mouse model systems, where the impact on IESC
cycling or tissue regeneration upon injury are important readout systems to be investigated.
There is work ahead of multiple groups to illuminate the role of the two STATS5 transcription
factors in Gl tract diseases, and we hope that this review could be a cornerstone to build on.
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Fig. 1.
Cell signaling pathways involved in cytokine, hormone, growth factor and chemokine

signaling in association with STATS5 functions. Signaling pathways, triggered by a plethora
of cytokines, hormones, growth factors, and chemokines regulate survival, metabolism, and
G1-S cell cycle progression, as well as chromatin remodeling through STAT5 involvement
with and without pYSTATS function. Overexpression of growth factor/cytokine receptor
and/or mutated downstream effectors are often found in the EGFR-RAS-RAF axis and
PI3K-AKT-mTOR pathway. In the cytoplasm, STAT5A/B can be activated through
phosphorylation of tyrosine residue at position 694/699 by JAK or tyrosine kinase receptor.
STAT5A is translocated into the nucleus with the assistance of RHO/RAC, which
phosphorylates a serine residue of STAT5A at position 779. There are complex homo- and
heterodimers with STAT5B, and RHO/RAC can bind to serine phosphorylated STAT5A
homo- or STAT5A/B heterodimers, forming a trimer. Besides, higher-order oligomer
formation is facilitated by higher pYSTATS5 levels in a concentration-dependent manner.
RHO and RAC can both trigger PAK1/2 kinase activation, which phosphorylates STAT5A to
promote nuclear shuttling, or PAK kinases block the BCL6 transcription factor by serine
phosphorylation. Interestingly, STAT5 binds to DNA as a transcription factor, competing
with BCL6 for identical DNA binding sites, to promote transcription of the target genes. As
discussed above, BCL6 acts as a locus repressor of STAT5A/B, autoregulating itself by two
unique and distinct promoters. STAT5 can also recruit epigenetic modifiers, such as
NCOR1/2, BCOR, HDAC3, EZH2, TET1/2 and CBP-P300. BCL6 and STAT5 also compete
for corepressor binding. Even though only NCOR1/2 mapping was reported, BCOR
attraction might be relevant as well. Furthermore, STATS5 acts on chromatin topology to
consequently regulate the expression of genes, keeping the balance between renewal-
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(LGR5, OLFMA4, ASCL4) and quiescence-associated genes (BM/1, HOPX, LRIGI).
Surprisingly, unphosphorylated STAT5A (USTAT5A) binds to heterochromatin protein 1
(HP1) to promote chromatin compaction. In comparison, the more oncogenic STAT5B gene
product binds DNA more abundantly, which is antagonized by STAT5A, being itself under
transcriptional regulation by TP53 action. Moreover, uSTAT5 was shown to be colocalized
with CTCF in myeloid cells. CTCF transcription factor binding organizes chromatin into
topology associated domains, where open and closed chromatin is folded by simplified
schematic loop structures in association with Cohesin subunits (pink ring), separating them
into different transcriptionally active or closed regions. Cohesin subunits, STAG1/2 are often
mutated in colorectal cancer.
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Fig. 2. STAT5A and STAT5B interactome and mutational landscape.
Human STAT5A and STAT5B contain 794 and 787 amino acids, respectively. The proteins

consist of an oligomerization domain, a coiled-coil domain, a DNA binding domain, a linker
domain, an SH2 domain and a transactivation domain. Three different dimerization domains
(A, B, C) allow versatile complex formations of STAT5A/B proteins. We depict proteins
physically interacting with STAT5A/B (co-activators, epigenetic modifiers, kinases and co-

repressors, shown in colors as indicated), as well as post-

translational modifications, with

black arrows linking the proteins with their respective post-translational modification above

each STATS5 schematic protein structure. The data of pos

t-translational modifications were

collected from PhosphoSitePlus® and selected due to biological importance in current
literature insight. More precisely, we show acetylation sites reported in HTP (high-
throughput papers), phosphorylation reported in more than 5 HTP or 10 LTP (low-

throughput papers), and glycosylation [29]. The term “hi

gh-throughput papers” refers to

records in which a certain modification was assigned using only proteomic discovery mass

spectrometry, while the term “low-throughput papers” re

fers to records which assigned the

certain modification using methods other than proteomic mass spectrometry.
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Fig. 3. Human STAT5A and STAT5B share 92% identity.
STAT5A and STAT5B display approximately 92% identity (731 amino acids out of 794).

However, they additionally share 12 similar amino acid positions, which makes them
approximately 94% similar. STAT5A consists of 794 amino acids and STAT5B of 787 amino
acids, with STAT5B lacking 12 C-terminal amino acids present in STAT5A. Based on the
first 774 and 779 amino acids of STAT5A and STAT5B, respectively, both proteins are ~94%
identical and ~95% similar. Phosphorylation sites are highlighted by red arrows and the data
were collected from PhosphoSitePlus® (see also Fig. 2).
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Fig. 4. Homeostasisin theintestinal crypt ismaintained by |ESC self-renewal and
differentiation.

A) LGR5* cells in the intestinal crypt proliferate to give rise to all other cell types of the
intestinal epithelial monolayer, either via absorptive or secretory progenitor. There are 4—6
LGR5" cells (red cells) in each crypt residing between cKIT*, REG4* cells (green cells). All
cells from the microenvironment contribute to the homeostasis by producing signals that
promote either differentiation or self-renewal of LGR5" stem cells. RSPO3, WNT3, EGF,
and Notch support LGR5" self-renewal, while BMP2/4, DKK3, and SFRP1 support
differentiation into progenitor cells. The differentiation is tightly regulated by Gremlin1/2
and CHRDL1, as their increased expression at the base of the crypt inhibits BMP2/4,
maintaining LGR5" lineage at the base, but allowing BMP2/4 to promote enterocyte
differentiation in the upper crypt area. Notch signaling is required for absorptive lineage
differentiation, while “Notch off/\WNT on” determines secretory lineages. Differentiating
cells migrate upwards the crypt (black arrows showing the direction of differentiation),
facing apoptosis at the top of the villus (not shown). However, fully differentiated, post-
mitotic cells, cKIT* REG4*, migrate towards the base of the crypt. cKIT* REG4" double-
positive cells together with BMI1* cells, residing at the +4 position, proliferate to maintain
the LGR5" stem cell pool. Research gaps in the key mechanism, which, in our opinion,
could be the focus of future research and should investigate the possible cross talk or
interference with STATS5 signaling, are marked by “?”. B and C) Representative images
showing mouse intestinal epithelial stem cells and their epithelial niche cells in the /n vivo
crypt-villus (B) and /n vitro organoids (C).
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S'?ATS—activating cytokines, hormones, growth factors, and chemokines maintain
homeostasis in intestinal cells through STAT5 action. Cytokines, hormones, growth factors,
and chemokines activate STATS5 in colonic cells as shown in Fig. 1. STATS5 protects
intestinal tissue from C. difficile colitis by regulating tight junction permeability in
enterocytes. Additionally, STATS5 protects the intestinal tissue from injury by promoting self-
renewal of LGR5* stem cells and differentiation of LGR5™ towards pYSTAT5" LGR5™
CD24* Lyso* or CD44* cKIT* cells. Moreover, STAT5 has been found to upregulate
MUC13 production in Goblet cells, which modulates intestinal inflammation by playing a
protective role in the colonic epithelium. However, the role of STATS5 in mesenchymal niche
cells of the colonic tissue is unknown and is yet to be explored (marked by “?”).
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