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ABSTRACT

The JAK/STAT pathway is a conserved metazoan signaling system

that transduces cues from extracellular cytokines into transcriptional

changes in the nucleus. JAK/STAT signaling is best known for its

roles in immunity. However, recent work has demonstrated that it also

regulates critical homeostatic processes in germline and somatic

stem cells, as well as regenerative processes in several tissues,

including the gonad, intestine and appendages. Here, we provide an

overview of JAK/STAT signaling in stem cells and regeneration,

focusing onDrosophila and highlighting JAK/STAT pathway functions

in proliferation, survival and cell competition that are conserved

between Drosophila and vertebrates.
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Introduction

In the early 1990s, several research groups demonstrated that a

family of Janus (JAK) tyrosine kinases and a family of latent

cytosolic transcription factors, termed signal transducers and

activator of transcription (STATs), mediated interferon signaling

in cultured mammalian cells (Darnell, 1997). Subsequent work

showed that numerous interleukins and growth factors also use

JAKs and STATs to alter gene expression (Levy and Darnell, 2002).

Since these early studies, a wealth of research on various model

organisms and cell types has provided further insight into how JAKs

and STATs function to translate a multitude of signals into

developmental or homeostatic responses. JAK/STAT signal

transduction involves the binding of extracellular ligands to

transmembrane cytokine receptors, which results in the activation

of cytosolic JAKs and then of STATs (Fig. 1A) (Bach et al., 1997;

Darnell, 1997). Activated STAT dimers translocate to the nucleus,

bind specific DNA sequences in target genes and alter gene

expression (see Fig. 1 legend for details).

STAT genes are widely conserved in metazoans, from the slime

mold Dictyostelium discoideum, the nematode Caenorhabditis

elegans and the fruit fly Drosophila melanogaster to vertebrates

(Hou et al., 1996; Kawata et al., 1997; Wang and Levy, 2006; Yan

et al., 1996). In mammals, there are four JAK and seven STAT

genes, and knockout mice have revealed expected roles in

hematopoiesis and immunity, as well as unexpected roles in

embryonic development (Levy, 1999). Most research on JAK/

STAT signaling in non-mammalian species has been performed in

Drosophila, where this pathway serves a myriad of developmental

roles and cellular functions (Arbouzova and Zeidler, 2006). In

Drosophila, three related ligands –Unpaired (Upd), Upd2 andUpd3

(Agaisse et al., 2003; Harrison et al., 1998; Hombria et al., 2005) –

activate one receptor, which is called Domeless (Dome) (Brown

et al., 2001; Chen et al., 2002). This leads to the activation of one

JAK, termed Hopscotch (Hop) (Binari and Perrimon, 1994) and one

STAT transcription factor, Stat92E (Hou et al., 1996; Yan et al.,

1996) (Fig. 1B). Pathway activity is downregulated by Socs36E, a

Suppressor of Cytokine Signaling (SOCS) protein, which is induced

in a negative-feedback loop (Callus and Mathey-Prevot, 2002;

Karsten et al., 2002). Core components of the Drosophila JAK/

STAT pathway are homologous to interleukin 6 (IL-6), its receptor

Gp130, the JAK Jak2 and STAT Stat3, which mediate inflammatory

and proliferative responses in mammals (Rose-John, 2018).

JAK/STAT is one of a handful of conserved signal transduction

pathways required for normal development and adult physiology, as

well as for regenerative responses during infection and injury

(Housden and Perrimon, 2014). In the past few years, numerous

publications from many labs have revealed crucial roles for JAK/

STAT signaling in conserved processes, ranging from stem cell self-

renewal in homeostasis to proliferation and survival during

regeneration. Additionally, JAK/STAT signaling orchestrates

essential functions in cell competition and stem cell competition,

which are also conserved processes. Of note, many of these findings

have come from studies in Drosophila, which is amenable to

powerful genetic tools. Given the relative simplicity of the pathway

in flies, research on the roles of the JAK/STAT pathway in

Drosophila stem cells and regeneration will likely have important

ramifications for vertebrate model organisms.

Here, we review the functions of JAK/STAT signaling in stem

cell biology and regeneration, focusing on three Drosophila tissues.

First, we discuss how JAK/STAT signaling functions in the

developing and adult testis, where cytokines constitutively

produced by the stem cell niche control homeostatic functions

such as self-renewal as well as regeneration after genetic ablation or

irradiation. Second, we review the roles of the JAK/STAT pathway

in the adult intestine, where cytokines produced by differentiated

cells in response to infection or damage non-autonomously

stimulate the proliferation and differentiation of tissue stem cells,

thereby renewing the gut epithelium. Third, we discuss roles of

JAK/STAT signaling in regenerating appendages, where cytokines

produced after damage regulate cell division, survival and cellular

plasticity. Finally, we discuss the parallels in JAK/STAT pathway

function in stem cells and regeneration between Drosophila and

vertebrates.Received 10 September 2018; Accepted 3 December 2018
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JAK/STAT signaling in stem cell homeostasis and

regeneration in the Drosophila testis

In the Drosophila testis, a group of quiescent somatic niche cells

supports two resident stem cell populations (Fig. 2A): germline stem

cells (GSCs) and somatic cyst stem cells (CySCs) (reviewed by

Greenspan et al., 2015). The niche secretes short-range signals that

promote the proliferation of these resident stem cells (Fig. 2B). GSCs

proliferate and divide with oriented mitosis to produce a GSC

daughter that remains in contact with the niche and another daughter

that is displaced from the niche and differentiates into a

spermatogonium and ultimately into individual spermatids (Fuller,

1998; Yamashita et al., 2003). CySCs divide tomaintain the stem cell

pool and to produce offspring that function as critical somatic support

cells for the germline, akin to Sertoli cells in the mammalian testis

(Gonczy and DiNardo, 1996; Oatley and Brinster, 2012). CySCs also

provide essential support to GSCs as an extended niche (Leatherman

and Dinardo, 2010). As we discuss below, studies have shown that

JAK/STAT signaling regulates both GSCs and CySCs, from their

initial development through to their functioning in the adult testis.

Development of the testis involves the coalescence of primordial

germ cells (PGCs), which become GSCs, and somatic gonadal

precursors (SGPs), which give rise to niche cells and CySCs.

Autonomous JAK/STAT pathway activation has been reported to

regulate the migration of PGCs to the developing gonad (Brown

et al., 2006). Once SGPs become niche cells, they induce expression

of the cytokine Upd (Kitadate and Kobayashi, 2010; Okegbe and

DiNardo, 2011). The reception of the Upd signal in PGCs leads to

Stat92E-dependent acquisition of male sexual identity (Sheng et al.,

2009b; Wawersik et al., 2005). The targets that regulate male

germline sex are not known, but one possibility is the H3K4me2

reader PHD finger protein 7 (Phf7), which is induced in early male

GSCs and required for their maintenance (Yang et al., 2012). JAK/

STAT signaling also promotes the specification of CySCs from

SGPs (Sinden et al., 2012).

upd continues to be produced by niche cells in the adult testis but

declines with age (Kiger et al., 2001; Toledano et al., 2012; Tulina

and Matunis, 2001). This drop in Upd is mediated by a decrease in

IGF-II mRNA-binding protein (Imp), which protects the upd

transcript from small interfering RNAs (Fig. 2B). Imp levels decline

during aging due to increased expression of the heterochronic

microRNA let-7, which targets Imp. The reduction in Upd at least

partially accounts for the age-related decline of GSCs and

spermatogenesis in older males (Boyle et al., 2007; Toledano

et al., 2012). Males mutant for another upd gene (upd3) become

infertile at a much younger age than wild-type controls (Wang et al.,

2014). Little is known about upd3 in the testis, but it is tempting to

speculate that, like upd, it is also expressed in niche cells and is

subjected to a similar age-related decline.

Reception of the Upd signal is required autonomously in GSCs and

CySCs for their residence in the niche (Issigonis et al., 2009; Kiger

et al., 2001; Leatherman and Dinardo, 2008; Tulina and Matunis,

2001). In GSCs, JAK/STAT signaling does not induce self-renewal

per se but regulates adhesion to the niche via the control of E-Cadherin

(E-Cad) levels, thus tethering these cells to the source of self-renewal

cues (Leatherman and Dinardo, 2010). In addition, Stat92E influences

F-actin dynamics in GSCs through the Drosophila Profilin homolog

Chickadee (Chic), and this may affect GSC-niche attachment (Shields

et al., 2014). Stat92E levels in GSCs are regulated indirectly by the

nucleosome-remodeling factor (NURF) complex and the histone

demethylase Little imaginal discs (Lid) (Cherry and Matunis, 2010;

Tarayrah et al., 2015). A recent study reported that Upd and its

receptor Dome – but not Hop andStat92E – control spindle orientation

during GSC division, ensuring that one GSC daughter remains

attached to the niche (Chen et al., 2018). How this partition of pathway

signaling to include ligand and receptor but not kinase and

transcription factor occurs in GSCs is not yet understood.

The GSC pool exhibits considerable plasticity, and this is

dependent on JAK/STAT signaling. Indeed, dedifferentiation of

Fig. 1. The JAK/STAT pathway. (A) The mammalian JAK/STAT pathway. An extracellular ligand (yellow) binds to a transmembrane cytokine receptor (green),

which lacks intrinsic kinase activity and instead constitutively associates with JAKs (gray). Ligand binding to receptors causes a conformational switch, leading to

JAK activation by trans-phosphorylation. The activated JAKs (pink) then phosphorylate the receptor on tyrosine residues in the cytoplasmic domain.

Inactive STAT dimers (purple) are recruited to the receptor at those phospho-tyrosine sites and are phosphorylated by activated JAKs. The phosphorylated STAT

(pSTAT) dimers (blue) assume an activated dimer conformation, translocate to the nucleus, bind specific DNA sequences in target genes [consensus

TTC(N)2–4GAA] and alter gene expression. SOCS genes, which are targets of the JAK/STAT pathway, encode inhibitory proteins (black) that promote

degradation of the cytokine receptor and JAKs, thereby providing a negative-feedback loop. Tyrosine phosphorylation events are indicated by orange halos.

(B) The Drosophila JAK/STAT pathway consists of three Upd ligands, Upd, Upd2 and Upd3 (referred to here collectively as Upd), one receptor called Dome, one

JAK called Hop, and one STAT, termed Stat92E. Socs36E is a Stat92E target gene that encodes a negative regulator of pathway activity.
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spermatogonial cells into GSCs was first shown using a Stat92E

temperature-sensitive allele; upon transient loss of Stat92E at the

restrictive temperature, all GSCs are lost from the niche but, after

returning to the permissive temperature, spermatogonia fragment

and dedifferentiate into functional stem cells (Brawley and Matunis,

2004). Subsequent work showed that inhibiting Stat92E activity

in dedifferentiating spermatogonia by mis-expressing Socs36E

significantly decreases regeneration of the testis, presumably

because these spermatogonia cannot effectively receive the Upd

signal at the niche (Sheng et al., 2009a). Furthermore, although

X-rays cause temporary infertility in Drosophila males due to the

death of spermatogonial cells, GSCs (and CySCs) are resistant to

death by ionizing radiation as a result of Stat92E-dependent

regulation of the survival factor Death-associated inhibitor of

apoptosis 1 (Diap1). As a consequence, the testis regenerates in

about 15 days, and this is followed by the return of fertility (Betz

et al., 2008; Hasan et al., 2015; Welshons and Russel, 1957).

In CySCs, JAK/STAT target genes regulate several crucial

homeostatic activities, including self-renewal, support of GSCs, stem

cell competition and inhibition of differentiation. Two key downstream

Stat92E effectors in CySCs are zinc finger homeodomain 1 (zfh1) and

chronologically inappropriate morphogenesis (chinmo), both of

which encode transcriptional repressors. zfh1 and chinmo are

upregulated by ectopic JAK/STAT signaling, suggesting they are

direct target genes (Flaherty et al., 2010, 2009; Leatherman and

Dinardo, 2008; Terry et al., 2006). Zfh1 and Chinmo are also

positively regulated by Cullin-RING ubiquitin ligases, although the

mechanism by which this occurs is not clear (Qian et al., 2015),

whereas zfh1 and Stat92E are negatively regulated by the Enhancer of

Polycomb (E(Pc))/Tip60 acetyl transferase complex (Feng et al.,

2017).

Both Zfh1 and Chinmo are required autonomously for niche

residence of CySCs; CySCs lacking either gene rapidly differentiate

(Flaherty et al., 2010; Leatherman and Dinardo, 2008). The role of

CySCs in supporting GSCs is also endowed by JAK/STAT signaling

through zfh1 and chinmo, but not by other CySC self-renewal

pathways (Albert et al., 2018; Amoyel et al., 2014a, 2016a, 2013;

Flaherty et al., 2010; Leatherman and Dinardo, 2008, 2010). Ectopic

activation of Stat92E ormis-expression of zfh1 or chinmo in CySCs is

sufficient to expand both CySC and GSC pools. Mechanistically,

Stat92E acts via Zfh1 and Chinmo to ultimately upregulate CySC

secretion of bone morphogenetic proteins (BMPs), which are

essential GSC self-renewal cues (Leatherman and Dinardo, 2010).

This JAK/STAT-dependent production of BMPs by CySCs allows

GSCs to proliferate and remain in an undifferentiated state even when

they reside far from the endogenous niche.

CySCs also produce the secreted insulin inhibitor ImpL2, the

Drosophila homolog of IGFBP7, in response to JAK/STAT

signaling (Amoyel et al., 2016b; Terry et al., 2006). In the testis,

local insulin cues induce Phosphoinositide 3-kinase/Tor activity in
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Fig. 2. JAK/STAT signaling in homeostasis and regeneration in the Drosophila testis. (A) Schematic of the adult Drosophila testis. A group of quiescent

somatic cells (green) forms the niche (also referred to as the ‘hub’) and secretes self-renewal cues for resident stem cells. GSCs (dark pink) and CySCs (dark blue)

adhere to the niche. GSCs divide with oriented division to produce a gonialblast (light pink) that undergoes transit-amplifying divisions, resulting in a

pre-meiotic cyst that gives rise to spermatids. The CySC divides to produce cyst cells (light blue) that become quiescent and ensheath the gonialblast. Two cyst

cells continue to ensheath the associated spermatogonial cyst throughout spermatogenesis. (B) JAK/STAT signaling influences multiple processes in the testis;

the insets detail events occurring in niche cells (green box), GSCs (pink box) and CySCs (blue box). Niche cells produce the cytokine Upd, which activates

Stat92E (pStat92E) in GSCs and CySCs. Through its targets Zfh1 and Chinmo, pStat92E endows CySCs with the ability to support GSCs through BMP

production. Upd can signal to Dome but not to Hop or Stat92E to promote spindle orientation during GSC division. In niche cells, upd mRNA is bound by Imp,

which protects it from siRNAs, while Imp mRNA is a target of the let-7 microRNA. In GSCs, pStat92E regulates niche adhesion through E-Cad and the

cytoskeleton via Chic. pStat92E also promotes male germline sexual identity through unknown targets and protects GSCs from irradiation-induced apoptosis

through Diap1. In CySCs, pStat92E protects cells from irradiation-induced death through Diap1 and represses somatic differentiation through ImpL2.

Chinmo and Zfh1 promote CySC self-renewal, and both are positively regulated by Cullin. pStat92E and Zfh1 are negatively regulated by E(Pc)/Tip60. Niche

competition is controlled by the JAK/STAT target Socs36E, which represses Egfr/Ras/MAPK signaling. Niche competition is also regulated by another potential

Stat92E target, Robo2, which represses the kinase Abl. pStat92E is positively regulated by Nurf301.
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early CySC daughters, inducing their differentiation as well as

non-autonomously promoting the differentiation of ensheathed

spermatogonia (Amoyel et al., 2016b). Insulin action in CySCs is

hindered within the testis stem cell niche by ImpL2. Thus, niche

signals repress somatic differentiation in CySCs at least in part

thorough Stat92E-dependent induction of ImpL2.

In numerous tissues and organisms, stem cells compete

homeostatically for limited niche resources (Simons and Clevers,

2011). In the Drosophila testis, two types of stem cell competition

(also termed ‘niche’ competition) have been reported: intra-lineage

CySC-CySC competition and inter-lineage CySC-GSC

competition. Clonal analyses of CySCs have revealed that they

conform to neutral drift dynamics, a process in which stem cells are

stochastically lost and replaced (Amoyel et al., 2014b; Klein and

Simons, 2011). A CySC can gain clonal dominance if it obtains a

competitive advantage, and this clone and its descendants can

displace wild-type CySCs, which then differentiate. Once the CySC

lineage is dominated by the competitive clone, CySCs can exert

pressure on GSCs, leading to their ejection from the niche and

subsequent differentiation. Stem cell competition in the testis was

initially revealed by analyses of CySCs lacking the induced

negative-feedback inhibitor Socs36E; these CySCs outcompete

neighboring wild-type CySCs and then begin to force wild-type

GSCs out of the niche (Amoyel et al., 2016a; Issigonis et al., 2009;

Singh et al., 2010). One model for the increased competitiveness of

Socs36E-mutant CySCs suggests that autonomous increases in

JAK/STAT signaling cause Stat92E-dependent upregulation of

integrin adhesion (Issigonis et al., 2009). However, this model is at

odds with the aforementioned observation that increased JAK/

STAT signaling in CySCs endows them with the ability to support

(not outcompete) GSCs (Leatherman and Dinardo, 2010).

Furthermore, it has been found that stem cell competition does

not occur after clonal upregulation of JAK/STAT activity or of

integrin adhesion (Amoyel et al., 2014b). Instead, the

competitiveness of Socs36E-mutant CySCs was shown to result

from increased Egfr/Ras/MAPK signaling (Amoyel et al., 2016a).

Taken together, these results indicate that Socs36E is induced by

JAK/STAT signaling in response to niche signals, and that Socs36E

then dampens both JAK/STAT and MAPK signals to restrain

competitive interactions. Socs36E-dependent CySC-GSC niche

competition is also regulated by the NURF complex (Cherry and

Matunis, 2010). Global reduction of Nurf301 partially rescues the

loss of GSCs caused by competitive Socs36E-mutant CySCs,

suggesting that the NURF complex positively regulates JAK/STAT

signaling in CySCs. Finally, CySC-CySC competition is regulated

by the axon guidance receptor Roundabout 2 (Robo2), another

potential JAK/STAT target (Stine et al., 2014). Robo2 negatively

regulates the Abelson (Abl) tyrosine kinase. CySCs mutant for Abl

out-compete wild-type CySCs, but not wild-type GSCs, and their

competitive behavior is inhibited by depletion of E-Cad.

Overall, this body of work demonstrates that JAK/STAT ligands

from a dedicated stem cell niche promote proliferation and prevent

differentiation of resident stem cells. Additionally, JAK/STAT

signaling in GSCs is required for their adhesion to the niche and for

optimal regeneration of the germline after ablation. CySCs are a

crucial source of support for GSCs, and this property is endowed

uniquely by JAK/STAT activity. Finally, in CySCs, the JAK/STAT

target Socs36E restrains competitive interactions among CySCs and

between CySCs and GSCs.

But how conserved are these functions for JAK/STAT signaling? In

the mouse testis, Stat3 is not required for the self-renewal of

spermatogonial stem cells but rather is needed for spermatogonial

differentiation (Oatley et al., 2010). This suggests that the self-renewal

function of STAT proteins in male GSCs may not be conserved.

Furthermore, although transient-amplifying spermatogonia in the

mouse testis can fragment and contribute to the spermatogonial stem

cell pool (Nakagawa et al., 2010), whether JAK/STAT signaling is

involved in this process during homeostasis or stress is not known. It

has been shown that activated Stat3 in the mouse testis is concentrated

in somatic Sertoli cells that support undifferentiated spermatogonial

cells, consistent with the expression pattern of activated Stat92E in the

Drosophila testis (Nagasawa et al., 2018). What activates Stat3 and its

specific roles in Sertoli cells are not entirely clear. It is possible that the

IL-6 family member leukemic inhibitory factor (LIF) may play a role.

LIF activates Stat3 through the LIFR receptor (LIFR) binding chain,

the Gp130 receptor signaling chain and Jak2 (Rose-John, 2018).

Partial depletion of Lifr in Sertoli cells causes a reduction in adult testis

volume and a disruption of the seminiferous epithelium (Curley et al.,

2018), but the mechanistic details by which LIF regulates Sertoli cell

function requires further investigation. Finally, LIF is crucial for the

robust long-term self-renewal of pluripotent embryonic stem cells

(ESCs) from various mouse strains and other rodent species (Buehr

et al., 2008; Nichols et al., 2009; Smith et al., 1988). LIF promotes

ESC proliferation and inhibits ESC differentiation (Ying and Smith,

2017), similar to the roles of Stat92E in stem cells in the Drosophila

testis.

JAK/STAT signaling in homeostasis and regeneration in the

Drosophila gut

The Drosophila digestive tract serves numerous functions,

including digestion, absorption of nutrients and defense against

pathogens (Lemaitre and Miguel-Aliaga, 2013). The midgut, which

is the functional equivalent of the mammalian small intestine, is

surrounded by visceral muscle (Fig. 3) and is maintained by a

population of intestinal stem cells (ISCs) that give rise to all cell

types within the midgut epithelium. Under normal conditions

(Fig. 3A), ISCs divide asymmetrically to produce an ISC and an

enteroblast (EB) that exits the cell cycle and differentiates directly

into an absorptive enterocyte (EC). ISCs and EBs are collectively

referred to as progenitor cells. Notch signaling in EBs then induces

differentiation into ECs; accordingly, loss of Notch from the ISC

lineage leads to tumors comprised primarily of ISCs (Micchelli and

Perrimon, 2006; Ohlstein and Spradling, 2006). During

homeostasis, ISCs divide slowly and the epithelium turns over

every ∼2 weeks (Jiang et al., 2009; Micchelli and Perrimon, 2006;

Ohlstein and Spradling, 2006). However, following infection or

damage the rate of ISC proliferation is substantially increased

(Fig. 3B). During homeostasis, the proliferation of ISCs is regulated

by several pathways, including the Egfr/Ras/MAPK pathway

(Biteau and Jasper, 2011; Buchon et al., 2010; Jiang et al., 2011;

Xu et al., 2011) and, as we discuss below, the JAK/STAT pathway.

Under normal conditions, JAK/STAT ligands are produced at

variable levels by several intestinal cell types. There is agreement

that upd2 is expressed by ISCs/EBs/ECs and upd3 by ECs (Jiang

et al., 2009; Liu et al., 2010; Osman et al., 2012; Zhou et al., 2013).

Lineage tracing has shown that ISCs unable to transduce JAK/STAT

signals can proliferate, indicating that this pathway is not required

for ISC self-renewal under steady-state conditions (Beebe et al.,

2010; Jiang et al., 2009). Under normal conditions, JAK/STAT

activity is highest in EBs and, consistent with this, EBs deficient for

Stat92E cannot differentiate into mature gut cells, leading to the

formation of tumors composed of progenitor cells (Beebe et al.,

2010; Jiang et al., 2009). Although Notch and Stat92E are required

for EB differentiation into ECs, epistasis experiments to determine
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their relationship have yielded conflicting results. One group

reported that the defective differentiation of Stat92E-mutant

clones cannot be rescued by mis-expressing an activated form of

Notch, suggesting that these pathways function in parallel (Beebe

et al., 2010). However, another group reported the opposite (Liu

et al., 2010). More recent work has shown that the transcription

factor Sox21a acts downstream of Stat92E in EB differentiation

(Zhai et al., 2017, 2015). Sox21a behaves as a positively regulated

JAK/STAT target and, similar to loss of Stat92E, clonal or lineage-

wide inactivation of Sox21a causes tumors composed of progenitor

cells. Furthermore, ectopic expression of Sox21a rescues the

differentiation defect in Stat92E-mutant clones and suppresses the
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Fig. 3. JAK/STAT signaling in homeostasis and regeneration in the Drosophila intestine. (A) The intestinal epithelium resides on basal membrane and is

surrounded by visceral muscle. Under normal conditions, intestinal stem cells (ISCs) within the epithelium divide slowly as a result of Egfr/Ras/MAPK signaling.

ISCs divide asymmetrically to produce an ISC and an enteroblast (EB). Upd2 and Upd3 produced by different sources promote EB differentiation into

enterocytes (ECs) through the activation of Stat92E (pStat92E) and its target Sox21a. (B) Upon damage or infection, several pathways, including the p38, JNK,

Hpo/Wts and Msn/Wts pathways, activate AP-1 and Yki/Sd transcriptional complexes, which induce the upd3 gene. This results in ECs secreting high levels of

Upd3, which acts on several cell types to promote regeneration. In visceral muscle, Upd3 activates Stat92E (pStat92E), which induces the expression of the EGF

ligand Vein (Vn). In turn, Vn triggers Egfr/Ras/MAPK signaling in ISCs to promote their proliferation. In ISCs, Upd3 induces the expression of another EGF

ligand, Spitz (Spi), that autonomously promotes ISC division through Egfr/Ras/MAPK. Autonomous JAK/STAT signaling in ISCs can also promote their

proliferation (not shown). Upd3-mediated activation of Stat92E in EBs causes their rapid differentiation to ECs. After septic injury in the body cavity, macrophages

produce Upd cytokines, and this remotely induces Stat92E activation in visceral muscle and ISCs, leading to autonomous and non-autonomous ISC proliferation

and EB differentiation, as described above. Additionally, sustained JAK/STAT signaling in ISCs contributes to gut dysbiosis in aging intestines. Finally, JAK/STAT

signaling in ISCs regulates the proliferation of ‘winning’ cells via the process of cell competition: thewinners can be neoplastic cells outcompeting wild-type cells or

wild-type cells eliminating suboptimal cells.
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tumors caused by Stat92E inactivation. These results have led to a

model in which Stat92E acts upstream of Sox21a to control EC

differentiation (Zhai et al., 2017).

The rate of ISC proliferation is significantly higher when

homeostasis is disrupted, e.g. upon bacterial infection, or physical

or chemical injury (Biteau et al., 2011). These insults result in the

production of inflammatory cytokines – particularly Upd3 – by

intestinal epithelial cells that drive epithelial regeneration by

increasing ISC proliferation (Buchon et al., 2009a,b; Cronin et al.,

2009; Jiang et al., 2009; Osman et al., 2012; Zhou et al., 2013).

Recent work has identified a 4 kb enhancer that induces upd3

expression in EBs/ECs during bacterial infection or chemical injury

(Houtz et al., 2017; Jiang et al., 2011; Zhou et al., 2013). During

regeneration, this enhancer is upregulated by Yorkie (Yki)/Scalloped

(Sd) and AP-1 (D-Jun and D-Fos) transcriptional complexes in

response to several stress signals, including Jun N-terminal kinase

(JNK), p38, Hippo (Hpo)/Warts (Wts) and Misshapen (Msn)/Wts

(Houtz et al., 2017; Jiang et al., 2011; Karpowicz et al., 2010; Li et al.,

2014; Ren et al., 2010; Shaw et al., 2010; Staley and Irvine, 2010).

The Upd ligands produced by stressed EBs and ECs activate

JAK/STAT signaling in intestinal progenitor cells and in visceral

muscle (Buchon et al., 2009b; Jiang et al., 2009; Zhou et al., 2013).

Autonomous activation of the JAK/STAT pathway is sufficient to

induce ISC proliferation and intestinal turnover (Beebe et al., 2010;

Buchon et al., 2009a, 2010; Jiang et al., 2009; Lin et al., 2010).

Stat92E target genes that are expressed in progenitors following

damage or infection includewindpipe, which encodes a leucine-rich

repeat transmembrane protein that dampens pathway output by

promoting degradation of the receptor Dome, thereby limiting ISC

proliferation (Ren et al., 2015). The transcription factor Myc and the

Argonaute protein Piwi are induced by pathway activation and are

required for intestinal turnover in response to damage, but they are

also upregulated by other regenerative pathways (Ren et al., 2013;

Sousa-Victor et al., 2017).

Although autonomous Stat92E activation in ISCs is sufficient to

induce intestinal renewal, work has suggested that the role of Stat92E

activation in ISC proliferation is more complex and involves a feed-

forward relay of EGF ligands. JAK/STAT signaling in progenitors

and visceral muscle induces the production of the EGF ligands Spitz

(Spi) and Vein (Vn), respectively. In autocrine and paracrine

manners, these EGFs activate Egfr/Ras/MAPK in ISCs to

accelerate proliferation and induce epithelial renewal (Biteau and

Jasper, 2011; Buchon et al., 2010; Jiang et al., 2011; Zhou et al.,

2013). Indeed, compensatory proliferation by ectopic Upd is blocked

when ISCs are devoid of Egfr/Ras/MAPK signaling (Buchon et al.,

2010; Jiang et al., 2011). These results indicate that JAK/STAT-

dependent intestinal regeneration requires the upregulation of EGF

ligands, which trigger MAPK-dependent proliferation in ISCs. Swift

EB differentiation into ECs is also needed for epithelial renewal

during infection/injury, and this occurs by Upd3-dependent

activation of the JAK/STAT pathway in EBs (Buchon et al., 2009a;

Jiang et al., 2009; Zhou et al., 2013). Interestingly, ISCs can be

induced to proliferate as part of a systemic response to infection or

wounding (Chakrabarti et al., 2016). After wounding and subsequent

bacterial infection, for example, macrophages in the body cavity

secrete Upd cytokines, resulting in remote JAK/STAT activation in

intestinal progenitor cells and visceral muscle, subsequent induction

of EGF ligands, and intestinal renewal. This response is necessary for

survival from this type of injury.

JAK/STAT signaling has also been implicated in aging of the

Drosophila intestine. Under homeostatic conditions, the intestinal

epithelium of older flies deteriorates as a result of altered bacterial

load (termed dysbiosis) and the subsequent triggering of JAK/STAT

and other regenerative pathways (Biteau et al., 2008; Buchon et al.,

2009b; Choi et al., 2008; Park et al., 2009). This deterioration is

characterized by aberrant EC differentiation and a 10-fold increase

in ISC proliferation, which impairs metabolism and shortens

lifespan (Biteau et al., 2010). The excessive ISC proliferation in

aged flies is significantly reduced in upd2 or upd3 single mutants, or

in upd2, upd3 double mutants (Osman et al., 2012). This suggests

that the protective regenerative response to damage or infection

becomes dysregulated during aging and is mediated, at least in part,

through sustained JAK/STAT signaling.

Upd cytokines also fuel the growth of intestinal neoplasia

(Cordero et al., 2012; Patel et al., 2015). Aging ISCs sustain

sporadic mutations, and ∼10% of aged male flies have inactivating

mutations in the X-linked gene Notch, causing neoplastic ISC

growths (Siudeja et al., 2015). When large Notch-mutant ISC

tumors are induced, they compete against wild-type ECs for space in

the epithelium (Patel et al., 2015), as has been observed for other

neoplasia in the Drosophila gut (Suijkerbuijk et al., 2016). As the

outcompeted ECs detach from the epithelium, they activate JNK

and Yki, and secrete Upd2 and Upd3, and these cytokines accelerate

the growth of the Notch-mutant tumors (Patel et al., 2015). JAK/

STAT signaling also regulates another type of cell competition in

the intestine in which wild-type epithelial cells compete against

viable but less robust cells (e.g. those with reduced ribosome

function). The ‘losing’ cells activate JNK and secrete Upd3, which

non-autonomously increases ISC proliferation, thereby augmenting

the growth of fitter wild-type cells (Kolahgar et al., 2015). In both

competitive scenarios, the ‘losing’ cell secretes Upd cytokines,

which increases the growth of the ‘winning’ cells.

In sum, JAK/STAT signaling is essential for ISC differentiation in

the Drosophila gut and for intestinal regeneration after insults and

infection. Damaged/stressed ECs secrete the inflammatory cytokine

Upd3, which acts on neighboring cell types to induce production of

EGF ligands that trigger Egfr/Ras/MAPK in ISCs. Although ectopic

activation of JAK/STAT signaling in ISCs can induce proliferation,

the feed-forward relay of EGF ligands is necessary for optimal

regenerative responses. JAK/STAT signaling also controls

competitive interactions between different cell types in the gut.

Many of these findings are similar to those observed inmammals. For

example, mouse ISCs also increase proliferation after damage or

infection in response to IL-6, which promotes intestinal regeneration

(McConnell et al., 2008; Rigby et al., 2007). Interestingly, a causal

connection between inflammation and cancer in the intestine is well

established, and IL-6 family members play important roles in colon

cancer progression by regulating cell proliferation and cell survival

(Taniguchi and Karin, 2014; West et al., 2015). Individuals with

inflammatory bowel diseases are more likely to develop colorectal

cancer, and studies have emphasized the role of IL-6, Gp130 and

Stat3 in these cancers (Bollrath et al., 2009; Choi et al., 2017;

Grivennikov et al., 2009; Putoczki et al., 2013). Competitive

interactions between ISCs, similar to those observed in the midgut,

also occur in the mouse intestine, and the success of dominant clones

underlies tumor initiation when the intestine is damaged (Vermeulen

et al., 2013). However, what roles cytokines and JAK/STAT

signaling serve during this competitive process are not known.

JAK/STAT signaling in regeneration of the Drosophila

wing disc

The Drosophila wing imaginal disc is a larval tissue comprising

pouch, hinge and notum regions that gives rise to the adult wing

blade, wing hinge and body wall, respectively (Cohen, 1993). Wing
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discs exhibit plasticity and can be induced to regenerate after

mechanical or genetic ablation (reviewed by Hariharan and Serras,

2017; Worley et al., 2012). Mechanical ablation involves cutting

discs either in situ or ex vivo followed by culturing them in the

abdomen of female hosts (Diaz-Garcia and Baonza, 2013). Genetic

ablation techniques involve binary expression systems and thermo-

sensitive repressors that can be used to deliver inducers of apoptosis,

such as Reaper (Rpr), Head involution defective (Hid) or the JNK

pathway ligand Eiger (Egr, which is homologous to TNFα), to

specific subsets of wing cells in a time-controlled manner

(Bergantinos et al., 2010; Herrera et al., 2013; Smith-Bolton et al.,

2009). Regenerative processes in the wing disc can also be observed

after widespread cell death following ionizing radiation (Jaklevic and

Su, 2004). Using these various approaches, studies have shown that

the JAK/STAT pathway plays a central role in controlling the

response to tissue ablation and mediating wing disc regeneration.

Following ablation, apoptosis triggers the production of

extracellular reactive oxygen species (ROS), which are detected

both in the ablated cells and the surviving cells (Fig. 4) (Santabárbara-

Ruiz et al., 2015). This burst of ROS release by dying cells activates

autonomous JNK signaling to ensure commitment to death through a

positive-feedback loop between JNK and hid or rpr (Santabárbara-

Ruiz et al., 2015; Shlevkov and Morata, 2012). ROS production by

dying cells also non-autonomously activates JNK and p38 in nearby

surviving cells (Santabárbara-Ruiz et al., 2015). JNK activation may

also be propagated non-autonomously by Egr/TNFα produced

downstream of JNK in apoptotic cells (Pérez-Garijo et al., 2013).

Overall, this JNK signaling is essential for appendage regeneration, as

indicated by lineage-tracing studies showing that JNK-activated cells

comprise a majority of the regenerated tissue (Bosch et al., 2008;

Katsuyama et al., 2015).

Activation of JNK and p38 in surviving cells induces Upd

ligands, particularly Upd3 (Ahmed-de-Prado et al., 2018;

Katsuyama et al., 2015; Klebes et al., 2005; La Fortezza et al.,

2016; Pastor-Pareja et al., 2008; Santabárbara-Ruiz et al., 2015;

Worley et al., 2018). Notably, one study found that the same 4 kb

upd3 enhancer induced in theDrosophila gut in response to damage

was also induced in thewing disc during regeneration (Worley et al.,

2018), indicating that Upd production in response to inflammation

is a common feature in intestinal and appendage regeneration. The

Upd secreted by surviving cells acts in autocrine and paracrine

manners (Ahmed-de-Prado et al., 2018; Katsuyama et al., 2015; La

Fortezza et al., 2016; Santabárbara-Ruiz et al., 2015; Worley et al.,

2018). In general, the induction of JAK/STAT signaling leads to

proliferation in the regenerating tissue, consistent with established

roles of Upd as a noted mitogen (Bach et al., 2003; Katsuyama et al.,

2015; Tsai and Sun, 2004). Specifically, proliferation in response to

ablation was shown to be reduced in hop-mutant discs (Katsuyama

et al., 2015). However, another study reported that JAK/STAT

signaling does not promote proliferation in regenerating tissue but

instead promotes cell survival (La Fortezza et al., 2016). In fact, it

was found that mitosis was increased in ablated hop heterozygous

mutants. However, this study also reported that cell division in

surviving cells within the wing disc is not altered in Stat92E

heterozygous backgrounds (La Fortezza et al., 2016), despite the

fact that Stat92E heterozygosity significantly inhibits cell

proliferation in other growth contexts (Amoyel et al., 2014a).

Therefore, the connection between JAK/STAT signaling and

p38

JNK
Diap1

Dilp8
CtBP

Genetic ablation/

apoptotic cells at the wound

Healthy tissue

Proliferation

Block

apoptosis

Mis-specification

Developmental

delay

Cell

reprogramming

JNK

ROS

pStat92E

Upd

Hid or Rpr

Egr

Apoptosis

Fig. 4. JAK/STAT signaling during regeneration of the Drosophilawing disc. After genetic or mechanical ablation, ROS are produced by damaged cells (red),

leading to autonomous JNK activation, which ensures commitment to apoptosis through a positive-feedback loop between JNK and Hid or Rpr. ROS produced by

damaged cells also non-autonomously activate JNK and p38 in neighboring healthy, surviving cells (blue). JNK activation in dying cells may be propagated

non-autonomously to surviving cells by Egr/TNFα. In the surviving cells, JNK signaling can induce proliferation. Additionally, JNK and p38 independently induce the

expression of Upd, which subsequently activates Stat92E (pStat92E) in an autocrine and paracrine manner. pStat92E then increases the proliferation of

surviving cells and inhibits apoptosis. pStat92E may also upregulate Dilp8 (dashed line), thereby promoting developmental delay. pStat92E in surviving cells is

required for their plasticity and the ability to be ‘reprogrammed’ to other wing lineages. CtBP strongly inhibits JNK signaling and weakly inhibits JAK/STAT signaling

cell-autonomously. Finally, pStat92E together with JNK activity downstream of Egr can trigger the formation of an ectopic wing blade (‘mis-specification’).
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proliferation after ablation warrants further attention. Interestingly,

JAK/STAT activity is required for proliferation of surviving cells

during cricket limb regeneration (Bando et al., 2013).

Some studies have shown that Stat92E activation increases

survival in regenerating cells (Ahmed-de-Prado et al., 2018; La

Fortezza et al., 2016; Verghese and Su, 2016), which is consistent

with known roles of the pathway. Cells with elevated JAK/STAT

activity are at a competitive advantage: they compete with and

eliminate nearby wild-type healthy cells (Rodrigues et al., 2012).

During development, Stat92E signaling becomes restricted to hinge

cells (Ayala-Camargo et al., 2013; Hatini et al., 2013; Johnstone

et al., 2013), and the increased JAK/STAT activity in these cells

makes them resistant to death by X-rays (Verghese and Su, 2016).

The anti-apoptotic factor Diap1 acts downstream of Stat92E in

maintaining the viability of posterior wing cells during development

(Recasens-Alvarez et al., 2017). It has been shown that a diap1

regulatory element containing STAT binding sites can be

upregulated by ectopic Stat92E in the wing disc, suggesting direct

transcriptional control (Betz et al., 2008). However, hinge cells do

not upregulate the diap1 gene after X-ray, indicating that other

Stat92E targets are responsible for resistance to radiation (Verghese

and Su, 2016). One possibility is zinc finger homeodomain 2 (zfh2),

which is positively-regulated by Stat92E in hinge cells (Ayala-

Camargo et al., 2013). Zfh2 is upregulated after genetic ablation and

can repress JNK signaling and hid, thereby promoting the survival

of JNK-activated cells (La Fortezza et al., 2016). These results were

interpreted as JAK/STAT signaling downregulating JNK activity,

which was also reported by another group (Ahmed-de-Prado et al.,

2018). However, a separate study has suggested that JNK signaling

does not increase in the absence of JAK/STAT in regenerating tissue

(Katsuyama et al., 2015), so the precise links between JAK/STAT

and JNK pathways in this context remain unclear.

JAK/STAT signaling in the regenerating wing disc may also have

systemic consequences through upregulation of the Drosophila

Insulin-like peptide 8 (Dilp8; Ilp8 – FlyBase). Dilp8 is produced by

imaginal disc cells following mechanical or genetic ablation, and

acts at a distance on neuroendocrine cells in the brain to delay the

larval-to-pupal transition (Colombani et al., 2012; Garelli et al.,

2012; Harris et al., 2016; Katsuyama et al., 2015; La Fortezza et al.,

2016). It was reported that dilp8 induction is dependent on JAK/

STAT activity and does not occur in wounded hop-mutant discs

(Katsuyama et al., 2015). However, another study concluded that

dilp8 is not transcriptionally regulated by JAK/STAT but rather by

JNK signaling (La Fortezza et al., 2016). This latter result is

consistent with other reports that dilp8 is a JNK target gene

(Colombani et al., 2012; Harris et al., 2016).

During regenerative responses, surviving cells and their

descendants often change their cell fate or identity to reconstruct the

missing tissue/appendage. Imaginal disc cells possess such plasticity

and can adopt other fates (Hariharan and Serras, 2017; Worley et al.,

2012). For example, after ablation of the wing pouch, a large fraction

of cells in the reconstructed pouch derive from hinge cells located

outside of the ablation domain (Herrera et al., 2013; Smith-Bolton

et al., 2009). After irradiation, hinge cells autonomously require

Stat92E to participate in pouch reconstruction (Verghese and Su,

2016), indicating a crucial function of JAK/STAT signaling in cell

reprogramming.

Regenerating organs need to have mechanisms to prevent

aberrant reconstruction of the tissue. Imaginal discs have so-called

‘weak points’ where phenomena such as leg-to-wing trans-

determination occur at low but reproducible rates (Maves and

Schubiger, 1995; Schubiger, 1971). upd is strongly induced during

this transdetermination event (Klebes et al., 2005), but the

functional role of the JAK/STAT pathway in this process is not

clear and warrants further investigation. Two recent papers have

characterized one weak point in the dorsal posterior region of the

wing disc where cells fated to give rise to the notum form ectopic

wings after genetic ablation or irradiation (Verghese and Su, 2017;

Worley et al., 2018). Although no ectopic wings are observed in

wild-type regenerating wing discs after Egr-induced ablation, discs

that are heterozygous forC-terminal binding protein (CtBP) display

ectopic wings (in 20-40% of discs) emanating from the weak point

(Worley et al., 2018). Based on this, it was suggested that damage to

the normal pouch leads to the secretion of both Egr and Upd ligands

that travel over many cells diameters and act on cells at the weak

point. As CtBP autonomously represses JNK activity and, more

weakly, JAK/STAT activity, cells at the weak point in a CtBP/+

background are more responsive to ectopic Egr and Upd (Worley

et al., 2018). As such, Upd activates Stat92E in weak point cells,

which represses notum identity genes and induces hinge fate

(Worley et al., 2018), consistent with the developmental role of

Stat92E (Ayala-Camargo et al., 2013; Hatini et al., 2013). In

addition, Egr induces JNK signaling in weak point cells, which then

upregulatewingless (wg) that promotes pouch identity in the ectopic

wing (Harris et al., 2016; Worley et al., 2018). The formation of an

ectopic appendage from the weak point has also been observed in

∼20% of regenerating wing discs after irradiation (Verghese and Su,

2017). Although the mechanisms of ectopic appendage formation in

this context are less clear, it has been shown that Stat92E and Wg

activity in weak point cells is also required, suggesting that similar

mechanisms are at play (Verghese and Su, 2017).

Collectively, these studies have revealed that stress pathways in

surviving cells induce the expression of Upd cytokines that regulate

crucial parameters in regeneration. Upd ligands act non-

autonomously to promote proliferation, inhibit apoptosis and

mediate reprogramming of surviving cells. Additionally, these

potent signals need to be constrained to prevent induction of an

ectopic appendage after ablation or irradiation.

Parallels in JAK/STAT signaling across tissues and

across species

Taken together, these studies reveal proliferation, anti-apoptosis,

regeneration, competition and positive regulation of Egfr/Ras/

MAPK signaling as common functions of the Drosophila JAK/

STAT pathway. Upd ligands act as mitogens for several stem cell

populations, including ovarian follicle stem cells (FSCs) and neural

stem cells, as well as CySCs and ISCs (Vied et al., 2012; Yasugi

et al., 2008). JAK/STAT signaling induces expression of the anti-

apoptotic factor diap1, which regulates cell survival of wing disc

cells during development and of GSCs and CySCs after irradiation

(Betz et al., 2008; Hasan et al., 2015; Recasens-Alvarez et al.,

2017). This is reminiscent of the STAT-dependent transcriptional

induction of pro-survival Bcl-2 family members in mouse cell lines

(Catlett-Falcone et al., 1999; Fujio et al., 1997). Indeed, targeted

disruption of JAK/STAT signaling in vivo in mice leads to reduced

proliferation and decreased survival of multiple cell lineages,

including the inner cell mass, and neuronal, hematopoietic and

cardiac cells (Do et al., 2013; Kleppe et al., 2017; Levy and Lee,

2002; McLemore et al., 2001; Onishi and Zandstra, 2015; Takeda

et al., 1997; Yoshida et al., 1996).

These studies also reveal that cytokine production and

subsequent JAK/STAT activation represent a general mechanism

for tissue regeneration across species. In Drosophila, pathway

activation in surviving cells autonomously suppresses apoptosis,
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increases cell division and leads to systemic responses (Katsuyama

et al., 2015; La Fortezza et al., 2016; Santabárbara-Ruiz et al., 2015;

Verghese and Su, 2016; Worley et al., 2018). Consistent with this,

mice deficient for il-6, gp130 or stat3 exhibit impaired liver

regeneration (Cressman et al., 1996; Taub, 2004). IL-11, another

IL-6 family member, is induced early in Xenopus tail regeneration

and is required for this process (Tsujioka et al., 2017). JAK/STAT

signaling is also crucial for the regeneration of diverse zebrafish

cells and tissues, including cardiomyocytes, the retina and inner ear

hair cells (Fang et al., 2013; Liang et al., 2012; Zhao et al., 2014).

JAK/STAT-dependent upregulation of proliferation and survival

likely endows cells with the ability to prevail in competitive

scenario: (1) in the midgut and in the wing disc, winning cells

require elevated JAK/STAT signaling to eliminate losing cells and

colonize the tissue (Kolahgar et al., 2015; Rodrigues et al., 2012);

(2) CySCs lacking the JAK/STAT-induced inhibitor Socs36E eject

wild-type CySCs (and GSCs) from the testis stem cell niche

(Amoyel et al., 2016a; Issigonis et al., 2009; Singh et al., 2010); and

(3) FSCs with increased JAK/STAT signaling outcompete wild-

type FSCs for residence in the ovarian niche (Vied et al., 2012). It is

not clear whether this last form of competition is linked to Socs36E-

dependent repression of Egfr/Ras/MAPK, another FSC self-renewal

pathway (Castanieto et al., 2014). Cell competition is also known to

occur during mouse development, in mouse ESCs and ISCs, and in

adult mouse tissues (Claveria et al., 2013; Martins et al., 2014;

Ritsma et al., 2014; Sancho et al., 2013; Vermeulen et al., 2013), but

the roles, if any, of the JAK/STAT pathway in these processes

remains to be determined.

Conclusions

Despite the numerous discoveries about the roles of the JAK/STAT

pathway in stem cells and regeneration, many fundamental

questions remain. Although increased proliferation and survival

are conserved functions of IL-6-like cytokines, the direct

transcriptional STAT targets that regulate these processes are

largely unknown. In the future, it will therefore be important to

define such factors as they may represent new druggable targets for

the treatment of hematological cancers, carcinoma and

inflammatory diseases caused by aberrant JAK/STAT signaling

(Calautti et al., 2018; Grivennikov et al., 2009; Koskela et al., 2012;

Pilati et al., 2011; Tefferi, 2016; Yu et al., 2014). The roles of cell

competition in mouse tumor initiation and cancer progression are

only beginning to be unraveled (Claveria and Torres, 2016;

Fernandez et al., 2016). Given the well-established roles of the

Drosophila JAK/STAT pathway in fostering dominance in

competition scenarios, future research should focus on the

functions of the mammalian JAK/STAT pathway in competitive

interactions underlying oncogenesis. Cellular plasticity is controlled

by epigenetic remodeling of chromatin by histone modifying

complexes, and this is essential for regenerative responses (Herrera

and Morata, 2014; Lee et al., 2005). Components of the JAK/STAT

pathway have been shown to influence epigenetic modifications and

chromatin structure (Griffiths et al., 2011; Rui et al., 2016; Shi et al.,

2006, 2008), and future work should focus on how the pathway

regulates these processes in stem cells and during regeneration.

Finally, it will be useful to investigate JAK/STAT signaling in new

model genetic organisms. The regenerative properties of the

planarian flatworm Schmidtea mediterranea are well established,

and pluripotent stem cells called neoblasts can differentiate into all

adult cell types (Adler and Sánchez Alvarado, 2015). A protein

BLAST of the S. mediterranea genome (smedgd.stowers.org/)

using Drosophila Stat92E as a query reveals SMU15029397 as a

putative STAT homolog. In the future, it will be interesting to

determine whether this potential STAT protein regulates stem cells,

cellular plasticity and regeneration in this powerful model system.
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