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Abstract

A subset of cytokines triggers the JAK-STAT pathway to exert various functions such
as the induction of inflammation and immune responses. The receptors for these cy-
tokines are dimers/trimers of transmembrane proteins devoid of intracellular kinase
activity. Instead, they rely on Janus kinases (JAKs) for signal transduction. Classical
JAK-STAT signalling involves phosphorylation of cytokine receptors' intracellular ty-
rosines, which subsequently serve as docking sites for the recruitment and activation
of STATs. However, there is evidence to show that several cytokine receptors also use
a noncanonical, receptor tyrosine-independent path to induce activation of STAT pro-
teins. We identified two main alternative modes of STAT activation. The first involves
an association between a tyrosine-free region of the cytokine receptor and STATSs,
while the second seems to depend on a direct interaction between JAK and STAT
proteins. We were able to identify the use of noncanonical mechanisms by almost a

dozen cytokine receptors, suggesting they have some importance. These alternative
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1 | INTRODUCTION

Processes such as cellular proliferation, differentiation, growth and
apoptosis are regulated in part by numerous extracellular factors
including cytokines. These glycoproteins, which have an immuno-
modulatory role, are also mainly secreted by cells of the immune
system. They perform their paracrine, juxtacrine, autocrine or en-
docrine actions by binding to specific cytokine receptors at the cell
surface. A subset of cytokines triggers the JAK/STAT pathway to
exert biological functions®? (Figure 1). Their receptors are homodi-
mers or hetero-dimers/trimers of transmembrane proteins that lack

pathways and the receptors that employ them are discussed in this review.

cytokine signalling, Janus kinase, noncanonical, signal transducer and activator of
transcription, tyrosine-independent

intracellular kinase activity. Instead, they rely on constitutive asso-
ciation with intracellular tyrosine kinases called Janus kinases (JAK)
for the transduction of cytokine signalling.

The Janus kinase family consists of four members: JAK1,
JAK2, JAK3 and TYK2 that are ubiquitously expressed, except for
JAK3 whose expression is restricted to cells of the haematopoi-
etic lineage. JAKs, which are associated with the juxta-membrane
domain of the receptor, become active when cytokine binds the
receptor. Following this binding, the receptor undergoes intracel-
lular conformational changes that result in its re-orientation or
oligomerization. This initiates the signalling process by juxtaposing
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the JAKs that are now able to trans-phosphorylate each other.
The primary targets of activated JAKs are specific tyrosine resi-
dues in the cytoplasmic tail of the receptor. Once phosphorylated,
these tyrosines become docking sites for signalling proteins such
as signal transducers and activators of transcription (STAT) that
contain a Src homology 2 domain (SH2). Subsequently, JAKs phos-
phorylate tyrosine residues of STAT factors, which results in STAT
activation.

Signal transducers and activators of transcription are transcrip-
tion factors that reside in the cytoplasm prior to cytokine binding.
The STAT family has seven members: STAT1, STAT-2, STAT-3, STAT-
4, STAT-5a, STAT-5b and STAT-6. They contain six functional regions:
an N-terminal domain mediating STAT oligomerization, followed by
a coiled-coil domain, a DNA-binding domain, a linker region, a SH2
domain and, finally, a carboxy-terminal transactivation domain. This
last domain contains a conserved tyrosine that can be phosphor-
ylated by JAK, thereby allowing for parallel STAT homo- or het-
erodimerization via reciprocal SH2-phosphotyrosine interactions.
Antiparallel dimer conformation, in which the coiled-coil domain of
one monomer interacts with the DNA-binding domain of the second
monomer, is also observed. The activated STAT factors permanently
alternate between both dimer conformations. Only the parallel STAT
dimers migrate to the nucleus, thanks to importins, and bind to spe-
cific DNA sequences in the promoter regions to regulate the tran-
scription of their respective target genes. After dissociation from
DNA, STAT factors are dephosphorylated and can be exported from
the nucleus. These cytoplasmic STAT proteins are then available for

another cycle of phosphorylation and nucleocytoplasmic shuttling.
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The activation of the JAK/STAT pathway is finely tuned and
eventually down-regulated in order to limit the action of down-
stream effectors in time and amplitude. Constitutive protein ty-
rosine phosphatases come into play to dephosphorylate tyrosine
residues involved in activation and recruitment.? Additionally, sup-
pressors of cytokine signalling or SOCS, whose expression is in-
duced following cytokine stimulation, regulate JAK/STAT activity
by three different mechanisms: competing with STATs for receptor
association, binding directly to JAKs and interfering with substrate
recognition, and promoting ubiquitination and subsequent protea-
somal degradation of JAKs.2 Moreover, protein inhibitor of acti-
vated STAT (PIAS) bind STAT dimers and also have multiple means
of action, such as inhibiting DNA binding or recruiting transcrip-
tional repressors.*

While signalling by cytokine receptors lacking kinase domains
always starts with JAK, downstream kinases such as Src or the
MAPKinases are also able to phosphorylate STATs. In this review,
however, we will focus on the JAK/STAT pathway and more par-
ticularly, noncanonical ways of activating STATs. Indeed, while
phosphotyrosines of cytokine receptors are believed to be major
docking sites for STAT factors, the role of these residues should
be nuanced, as STAT activation has been observed with recep-
tors lacking tyrosines. In general, this alternative mode of STAT
activation is not exclusive: canonical and noncanonical pathways
collaborate.

Here, we focus on two alternative mechanisms of STAT activation
that do not rely on receptor phosphotyrosines. The first depends on

a region of the receptor that is devoid of tyrosines and, hence, is
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FIGURE 1 Canonical JAK-STAT pathway. Schematic representation of the signalling cascade induced by cytokines that signal through the
JAK-STAT pathway. Once a cytokine binds to a specific receptor, it induces JAK transactivation. Activated JAKs then phosphorylate tyrosine
residues in the intracellular domain of the receptor. These phosphotyrosines in turn serve as docking site for STAT recruitment, through their
SH2 domain. Subsequently, JAKs phosphorylate tyrosine residue of STAT factors, resulting in STAT activation. The activated STATs form
homo- and hetero-dimers that migrate into the nucleus and regulate the transcription of specific genes
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termed ‘receptor tyrosine independent’. The other is characterized
by direct interaction between STAT and receptor-associated JAKs

and will be referred to as ‘JAK-direct’.

2 | RECEPTOR-PHOSPHOTYROSINE-
INDEPENDENT MECHANISMS

Usually, STATs are preferentially recruited to particular amino acid
motifs surrounding phosphotyrosines: pYxxP for STAT1, pYxxQ for
STAT3, pYxxL for STAT5 and pYxxF for STAT6.% Some flexibility in
binding site is, however, observed. For example, in the IL-9R, which
is associated with the yc chain, one tyrosine alone is responsible
for the entire signalling process. Indeed, mutation of Y407 (located
in the YLPQ site) is sufficient to abolish STAT1, STAT3 and STAT5
phosphorylation.” Although phosphotyrosine importance is well es-
tablished, several receptors activate STAT factors through a region
of the receptor that does not contain a classical phosphotyrosine
binding site for STAT. Figure 2 describes the receptors that signal

through such a tyrosine-independent mechanism.

21 | IL-22Ra

The receptor of IL-22 is composed of two subunits: IL-22Ra, re-
sponsible for signalling, and IL-10Rp (Figure 2A). Once bound to
its receptor, IL-22 triggers the activation of STAT3 and, to a lesser
extent, of STAT1 and STATS. Surprisingly, a tyrosine-less recep-
tor, lacking all 8 cytoplasmic tyrosines of IL-22Raq, is still able to
activate STAT3. This demonstrates that tyrosines are not abso-

lutely required to activate STAT3, in contrast to what is observed

(A) IL-22 (B)  IFNA1,-2,3 ©) 1123
IL-12p40
|L—23p19.

IL-22Rat ® IL-10RB IFN-A-R o IL-10R8 IL-23R

IL-12RB1

for STAT1 and STAT5. Using truncated forms of the receptor in
BW5147 T lymphoma cells, we were able to demonstrate that the
C-terminal (C-ter) part of the receptor (aa 492-574) plays an impor-
tant role in this noncanonical pathway although it does not contain
tyrosines. Importantly, the activation of STAT3 is maximal when
IL-22Ra contains both its tyrosines and its C-terminal part, demon-
strating that canonical and noncanonical mechanisms cooperate to
strongly activate STAT3.8

The alternative mechanism requires a pre-association of STAT3 to
the receptor. This pre-association step does not require STAT3's SH2
domains. Indeed, GST pull-down experiments showed that STAT3,
but not STAT1 or STATS5, is constitutively associated via its coiled-
coil domain with the C-terminal part of the IL-22Ra. Moreover, the
coiled-coil domain of STAT3 seems to be sufficient for this activation
(Figure 3): Wild-type STATS5 is not phosphorylated by a tyrosine-less
receptor; however, replacement of its coiled-coil domain by that
of STAT3 renders it phosphorylable despite the absence of recep-
tor tyrosines.® This was recently corroborated in a study in which
a monobody targeting the coiled-coil domain of STAT3 interrupts
its binding to the IL-22Ra C-terminal part. This alternative mech-
anism is observed in cells overexpressing mutant forms of the re-
ceptor, and also when the receptor is expressed at physiological
levels. Using a CRISPR/Cas9 approach, we confirmed that IL-22Ra
C-ter-dependent activation of STAT3 occurred in cells with endoge-
nous expression of IL-22Ra. In addition, in a psoriasis-like dermatitis
model induced by imiquimod in which IL-22 and STAT3 are known
to be deleterious, mice expressing a C-terminally truncated version
of IL-22Ra (ACter™ Mt mice) are protected from the development
of skin lesions, demonstrating the importance of the noncanonical
STAT3 pathway. In this model, ACter™¥™ mice show less thicken-

ing of ear epidermis as compared to WT littermate mice.'®
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FIGURE 2 Receptors that signal through a phosphotyrosine-independent pathway. (A) hIL-22R, (B) hIFN-A-R, (C) mIL-23R, (D) hG-CSFR and
(E) hIFNAR signal through a classical JAK-STAT signalling pathway as well as an alternative pathway. This alternative pathway is independent of

tyrosines of the receptor. Graphs are not to scale
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FIGURE 3 Cooperation of canonical and noncanonical activation pathways of IL-22R. Schematic representation of the signalling cascade
induced by IL-22. The C-terminal part of IL-22R is pre-associated with the coiled-coil domain of STAT3. IL-22 binds to IL-22R leading to JAK
transactivation. 1) Noncanonical STAT3 activation: Activated JAKs phosphorylate tyrosine residues on pre-associated STAT3 leading to its
activation, independently of receptor tyrosine residues. 2) Canonical STAT activation: Activated JAKs also phosphorylate tyrosine residues
in the intracellular domain of the receptor. These phosphotyrosines serve as docking sites for STAT recruitment through their SH2 domains.
Activated STATs form homo- and hetero-dimers that migrate into the nucleus and regulate the transcription of specific genes.

2.2 | IFN-A-R1

Alternative activation of STAT is similarly observed for the IFN-A-R,
which also uses the IL-10Rp accessory subunit (Figure 2B). This re-
ceptor complex mediates the activation of STAT1, STAT2, STAT3,
STAT4 and STATS5 in response to type Il interferons: IFN-A1, IFN-A2
and IFN-A3 (also called IL-29, IL-28A and IL-28B). With a tyrosine-
less IFN-A-R1, the phosphorylation of STAT1, STAT3 and STAT4 is
still detected in response to IFN-A1.1* Here again, by using truncated
forms of the receptor, we were able to show that the C-terminal part
of the IFN-A-R1 is required for the noncanonical pathway involved
in STAT1, STAT3 and STAT4 activation (unpublished data from the
laboratory). In contrast, STAT2 and STAT5 phosphorylation, respon-
sible for the anti-proliferative and antiviral effects of IFN-A1, de-
pends solely on two of the three tyrosine residues contained in the
receptor's cytoplasmic domains (Tyr343 and Tyr517).1

2.3 | IL-23R

The IL-23 cytokine signals through a heterodimeric receptor com-
posed of the IL-23R and the shared IL-12Rp1 (Figure 2C). It mainly
activates STAT3, although other pathways such as STAT1, STAT4,
STAT5, MAPK and Pi3K/Akt are also induced.*? The intracellular
part of the murine IL-23R contains seven tyrosines, four of which
(Tyrd16, Tyr504, Tyr542 and Tyr626) are involved in STAT3 activa-
tion in Ba/F3 cells transfected with IL-23 receptors. Mutation of

these four tyrosines into phenylalanines leads to a partial decrease
of STAT3 activation. In addition to the classical activation of STAT3,
a phosphotyrosine-independent STAT3 activation motif was identi-
fied in IL-23R. Indeed, a deletion of 17 amino acids (aa 554-571) in
the IL-23R with the four tyrosine-to-phenylalanine mutations com-
pletely blocks STAT3 activation. Constitutive association of STAT3/
IL-23R could not be detected by co-immunoprecipitation experi-

ments, suggesting that an intermediate protein may be involved.*®

24 | G-CSF-R

Granulocyte colony-stimulating factor (G-CSF) plays a crucial role
in granulopoiesis. In the presence of G-CSF, 2 chains of G-CSF-R
form a homodimer that induces the activation of STAT1, STAT3
and STAT5 (Figure 2D). It was shown that cells expressing a full-
length G-CSF-R do not require any of its 4 tyrosines for STAT3
signalling.?**> In fact, Ba/F3 cells expressing a receptor in which
all tyrosines are mutated into phenylalanines still present an acti-
vation of STAT3 that seems to depend on the C-terminal part of
the receptor.t>! When the C-terminus region is truncated, STAT3
activation is enabled by tyrosine 704 (Tyr704), which seems to be
the major docking site for STAT3 in this context. These results
demonstrate that both the C-ter part of the receptor and Tyr704
are involved in strong STAT3 activation. Functional studies in
murine myeloid cell lines showed that the C-terminal region of G-
CSFRs is required for G-CSF-induced neutrophil differentiation
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and maturation.'”*? Truncation of this region is observed in vivo
in individuals with severe congenital neutropenia (SCN) or acute
myeloid leukaemia (AML). Similarly, Csf3r-A715 mice expressing
a truncated form of the receptor (conserving Tyr704) also show
basal neutropenia. Given these results, loss of the C-terminal part
of the receptor, which is responsible for a part of STAT3 activation,
might explain the basal neutropenia seen in Csf3r-A715 and in
SCN patients.15 However, besides STAT3 modification, truncated
G-CSFR also has a prolonged half-life at the plasma membrane.
This results in an elevated G-CSF-induced proliferative response
and sustained activation of STAT5 in myeloid progenitors, which
could promote the clonal expansion of haematopoietic stem cells
and progenitor cells.?® Of note, mutation of GCSFR seems to be
a second hit following mutation of Elane (encoding neutrophil
elastase) observed in the vast majority of SCN patients, and lead-
ing to neutropenia.19 These patients receive pharmacologic doses
of GCSF to increase neutrophil numbers. This treatment would
then select for truncation of GCSFR, which then promotes acute
myeloid leukaemia.

It is also worth noting that at saturating G-CSF concentrations,
activation of STAT3 is mediated by the C-terminus part of the recep-
tor in a non-tyrosine-dependent manner. In contrast, at a low ligand
concentration, it is mainly the tyrosine residues, particularly Tyr704
and 744, that support STAT3 activation. Physiologically, the effects
mediated by G-CSF on basal granulopoiesis occur at low ligand con-
centrations and are therefore mainly dependent on tyrosine res-
idues. However, during bacterial infections, G-CSF treatments or
haematopoietic recovery after myelosuppressive treatment, levels
of G-CSF rise. In these conditions, STAT3 activation is likely to be
mainly dependent on the C-ter of the receptor. This means that two
distinct modes of STAT3 activation by G-CSF have been highlighted.
Nonetheless, the tyrosine-dependent and tyrosine-independent
routes of activation are functionally equivalent, and both are JAK2-
dependent.’® However, no SH2-independent interaction has been
detected between STAT3 and G-CSF-R-C-ter by in vitro binding
assay or co-immunoprecipitation.’®> An intermediate factor could
provide a phosphotyrosine docking site for STAT3, but no such mol-
ecule has yet been discovered.*

An alternative mechanism of activation of STAT1 and STAT5 was
also described for G-CSF signalling. This seems to rely on a JAK-
direct interaction and will therefore be discussed in the second part
of this review.

2.5 | IFNAR

Cellular responses to type | interferons (IFN-B, IFN-¢ and IFN-o
and 13 subtypes of IFN-a) require interaction with their recep-
tor, which is composed of two subunits, IFNAR1 and IFNAR2c
(Figure 2E). Type | interferons preferentially activate STAT1 and
STAT2, but STAT3 can also be phosphorylated in response to
these cytokines.

Multiple docking sites have been described for STAT2 on the
human IFNAR. Two require phosphotyrosine residues, either on
the hIFNAR1 (Tyr466 and Tyr481) or hIFNAR2c chains (Tyr337 and
Tyr512). Of note, the corresponding tyrosines in mouse IFNAR2c:
Tyr510 and Tyr335, play a critical role in IFN-I response in fibroblasts
and macrophages. This includes activation of STAT2 and also STAT-1
and STAT-3, as well as the expression of target genes and antiviral
activity.21

A third docking site, located on the IFNAR2c chain, is devoid
of tyrosines.??25 A pre-association was observed between this
chain and the N-terminal domain of STAT2. Indeed, STAT2 co-
precipitates with resting IFNAR2c and this association is increased
after IFN treatment.?2242528 Many studies have attempted to de-
fine the region of IFNAR2c required for this interaction. GST pull-
down experiments have shown that amino acids 418-462 of the
receptor are involved in the association, more precisely the acidic
block DDED (435-438).2% Binding of STAT2 depends on its N-
terminal domain (including the coiled-coil domain), since a STAT1
chimera containing the N-terminal domain of STAT2 is able to act
as a STAT2-like molecule and bind IFNAR2c.??>%” Nguyen et al®®
showed that the coiled-coil domain is not sufficient and that the
SH2 domain of STAT2 could play a role in its interaction with the
acidic portion of the receptor. Of note, glutamate residues are in-
volved in the interaction between the receptor and the JAK factors.
It was shown that the SH2 domains of JAKs interact with a motif
containing glutamate and hydrophobic residues in the BOX2 of the
cytokine receptor.”‘30 This may also be the case for the interac-
tion between the SH2 of STAT2 and the DDED motif. While the
binding sites of STAT2 on IFNAR1 and IFNAR2c are well described,
data on the importance of these binding sites in STAT2 activation
are conflicting. Some papers describe the tyrosine-dependent and
tyrosine-independent binding sites on IFNAR2c to be equally in-
volved in STAT2 activation.?>?* Others on the contrary claim that
only the IFNAR2c tyrosines are required and that the constitutive
binding site is dispensable.?>?® These discrepancies might be ex-

23.24 yiersus point

plained by the models used, with the truncation
mutation of the receptor?® leading to different conformational
modifications. It is, however, clear that in some conditions, STAT2
activation is unconventional and depends on a region lacking tyro-
sine residues (aa 418-462).

Many studies show that STAT1 activation relies on STAT2 phos-
phorylation, suggesting that phosphorylated-STAT2 is used as a
docking site by STAT1 or even that STAT1 is pre-associated with the
IFNAR2c via STAT2.222731 Only one study describes an additional
binding site for STAT1, on Tyr466 of IFNAR1.%2

Concerning STATS3, two studies show conflicting results: Nadeau

1% describe STAT3 activation as tyrosine-independent while oth-

eta
ers show a lack of STAT3 activation in the absence of IFNAR2c tyro-
sines.3? Both studies were performed on human IFNAR2c in which all
tyrosine residues were mutated into phenylalanines, but used different
cellular models, either L929 cells, a mouse fibrosarcoma, or IFNAR2c-

deficient U5A cells, a mutant version of HT 1080 human sarcoma cell
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line. Differences in the JAK/STAT pathway between species have been
documented and might thus explain these conflicting results.?

To summarize, STAT2 can be activated by both classical and
alternative means while STAT1 phosphorylation relies on STAT2
phosphorylation. STAT3 activation also seems to take place in a
tyrosine-independent manner, at least in some conditions.

2.6 | Conclusions
Several receptors seem to activate STAT factors using a receptor
tyrosine-independent mechanism. To date, it is difficult to define
whether this is a common mechanism. One striking observation is
that STAT3 is often involved in alternative activation. This is notably
the case for IL-22Ra, IFN-A-R1, G-CSF-R and IL-23R. Alignment of
the C-terminal regions of these receptors does not identify a con-
sensus motif, suggesting that different mechanisms are involved.
However, when we aligned them in pairs, we found a consensus
motif between IL-22Ra and IFN-A-R that could explain their uncon-
ventional binding with STAT3 (Figure 4). Further studies are required
to define whether STAT3 is also pre-associated with IFN-A-R1,
whether the common residues are involved in the noncanonical
STAT3 activation induced by these two receptors and whether other
receptors could also use this alternative mechanism. It might also be
important to define whether pre-association competes with the role
of unphosphorylated STATs that constantly shuttle into the nucleus
where they regulate gene transcription, promote heterochromatin
stability and suppress tumour progression.%'34

It is worth mentioning that mechanisms used to induce nonca-
nonical activations of STATs are probably mediated by JAK. Although
there is no evidence of this for IL-23R, IFNAR or IFNAR, studies on
other receptors have demonstrated the importance of JAKs. The
alternative activation of STAT3 by G-CSF-R seems to require func-
tional JAK2 since the use of the JAK2 inhibitor AG-490 completely
abrogates STAT3 activation.'®> We obtained similar results with the
tyrosine-less IL-22Ra: In the presence of the CMPé6, a pan-JAK inhib-
itor, STAT3 phosphorylation is in fact completely abolished (unpub-
lished data).

3 | JAK-DIRECT MECHANISMS

Janus kinase proteins interact through their SH2 and FERM domains
with the proximal region of cytokine receptors containing box mo-
tifs: box 1, a proline-rich region, and box 2, a region rich in hydro-

phobic residues and a glutamate. These are conserved between

[L-22R 527 PSPWGLLESLVCPKDEAKS—-—-—--——-—

IFNAR 431 SKDSGFLEEL--PEDNLSSWATWGTLPPEPNLVPGGPPVSLQT-————— LTFCWES

—-PAPETSDLEQPTELDSLEFRGLALTVQWES

cytokine receptors and are known to be crucial for their interaction
with JAK kinases.® Some studies have been able to demonstrate a
noncanonical direct interaction between JAK and STAT proteins.
Indeed, the interaction between the JH2 (pseudokinase) domain of
JAK1, JAK2, JAK3 and the carboxy-terminal region of STAT5, but
not STAT1 or STAT3, was demonstrated using the yeast two-hybrid
system, co-immunoprecipitation and GST pull down.3>¢ Thus, stud-
ies showing that the proximal regions of receptors (containing box
domains) are sufficient for STAT activation suggest that JAK and
STAT molecules could interact directly. The mechanisms by which
STATs interact with JAKs are not fully understood, but seem to be
independent of phosphotyrosine. Indeed, when Fujitani and al. stud-
ied the interaction between STAT5 with JAK1, they found that the
region necessary for their association (amino acids 680-688) did not
encompass STAT5's major phosphor-acceptor site, namely Y694.%°
Receptors using this JAK-direct’ activation of STATs are summarized
in Figure 5.

3.1 | IL-6R

The IL-6 family of cytokines encompasses IL-6, IL-11, IL-27, LIF (leu-
kaemia inhibitory factor), and a few other cytokines that have in
common gp130 as one of their signalling chains. Gp130 is ubiqui-
tously expressed and contains six tyrosine residues in its intracel-
lular domain (Figure 5A). Upon IL-6 stimulation, STAT1, STAT3 and
STATS are activated. A direct interaction between JAK1 and STAT5
was demonstrated in 1997.%° Indeed, it has been shown that, upon
stimulation of a gp130 mutant receptor in which all 6 tyrosine resi-
dues were mutated into phenylalanines, STAT5 was still activated
to a similar extent as with the WT receptor. The same results were
obtained with a receptor truncated right after the box 2 domain.
Moreover, using the yeast two-hybrid screening system, it was ob-
served that STAT5 was able to interact directly with JAK proteins
and therefore could be activated independently of tyrosine phos-
phorylation. The study showed that STAT5a and STAT-5b could in-
teract specifically with the JH2 domain of JAK1, JAK2 and JAKS.
These results were confirmed in vitro using co-immunoprecipitation
and GST pull-down experiments. In the same study, using a mutant
lacking the YxxQ STAT3 activation motif, it was confirmed that
STAT3 activation, unlike that of STAT5, was dependent on tyros-
ine phosphorylation of the gp130 intracellular domain and was in-
dependent of any contact with JH2 domains of JAK proteins. This
was corroborated by another study that demonstrated the impor-
tance of specific phosphorylated tyrosine residues (Tyr767, Tyr814,
Tyr905 and Tyr915) in the activation of STAT3. The last two of these

574

| [ . N
479

FIGURE 4 Alignment of IL-22Ra and IFN-A-R. Alignment of C-terminal amino acids (527-574) of IL-22Ra and (395-449) of IFN-A-R. 16
residues are shared between these motifs. Pairwise alignment by ClustalW
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2R signal through a classical JAK-STAT signalling pathway as well as an alternative pathway that is dependent on a JAK-direct interaction

between STAT proteins and JAKs. Graphs are not to scale

tyrosine residues were also proven necessary for STAT1 phospho-
rylation.®” A direct interaction between JAK2 and STAT5 was also
observed for the mouse oncostatin M receptor (OSM-R), another
member of gp130 family.3®

To conclude, activation of STAT5 does not require the tyrosines
of gp130 or OSM-R, and can occur directly through JAK proteins,
with which it has been shown to interact. This is not the case for
STAT1 or STAT3.*®

3.2 | IL-4R

IL-4 signals through a bipartite receptor composed of IL-4Ra and
the common y-receptor chain (Figure 5B). IL-4Ra can also form a
complex with the IL-13Ra chain to transduce IL-4 signalling. Upon
ligand binding, JAK1 and JAK3 (for y-chain) or JAK2 (for IL-13R«
chain) are activated and induce mainly the activation of STAT6 but
also of STATS. IL-4 functions are immune-related, and triggering
the IL-4 signalling pathway leads to cell proliferation and differ-
entiation. Like for gp130, several studies have shown an activa-
tion of STAT5 and STAT-6 independently of the 6 tyrosines of the
IL-4Ra. Here again, a direct interaction between JAK1 and STAT5
has been described. By performing immunoprecipitations, Erhard
et al® observed a direct link between JAK1 and STAT5 even in un-
phosphorylated conditions. In other studies, when a truncated IL-
4R lacking all tyrosine residues but retaining the box 1 domain is
stimulated with IL-4, STAT5 and STAT-6 activation is still observed
and comparable to that obtained with the WT receptor.374° This
implies that the membrane-proximal cytoplasmic portion of IL-4Ra
is sufficient for STAT activation. While this is coherent with previ-
ous data showing a direct interaction of STAT5 with JAK1,%¢ no

such interaction has yet been detected for STATé. It is also worth

noting that activation of STAT5 and STAT-6 is strictly dependent
on JAK1, since when the box 1 domain required for JAK1 binding
is truncated on both chains of the receptor (IL-4Ra and yc), activa-
tion of these STATSs is abolished.374°

3.3 | EPO-R

Signalling through the erythropoietin (EPO)-receptor is crucial
for the fate of erythroid progenitor cells. In the absence of EPO,
EPO-R is reported to exist in pre-formed dimers at the cell sur-
face. Binding of EPO changes the orientation of the two recep-
tor subunits leading to activation of JAK2 and the subsequent
phosphorylation of STAT1, STAT3 and STAT5 (Figure 5C).***? Like
the gp130 chain and IL-4Ra, the EPO receptor has been shown
to signal through classical and non-classical JAK/STATS5 signalling
pathways. Indeed, cells expressing an EPO-R lacking its 8 tyros-
ines are still able to induce a low but detectable level of activation
of STATS5. This indicates that STAT5 phosphorylation does not re-
quire direct binding to receptor tyrosines and could also be medi-
ated by another region of the receptor, or even by another protein.
JAK2 would be a good candidate for this since seven of its tyrosine
residues show similarity with the YxxL motif identified in EPO-R
as crucial for STATS5 activation. Another argument in favour of this
interaction is that the alternative, tyrosine-independent mecha-
nism of STATS5 activation requires a specific region within the first
95 membrane-proximal amino acids of the receptor, which does
not contain any tyrosines. Further studies are required to dem-
onstrate that alternative STAT5 activation is mediated through
direct STAT5-JAK2 interaction. Of note, the alternative tyrosine-
independent pathway plays only a minor role in STAT5 phospho-
rylation compared to the classical phosphotyrosine-dependent
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pathway. Indeed, a 100-fold higher EPO concentration is needed

to induce alternative STAT5 phosphorylation.*344

34 | G-CSF-R

The biological effects of G-CSF are mediated through homodi-
merization of G-CSF receptor chains, which contain four tyrosine
residues (Figure 2D). As mentioned in the first part of this review,
upon G-CSF stimulation, STAT1, STAT3 and STAT5 are activated.
STAT3 activation can be mediated through tyrosine residues, but
also through the C-terminus of the receptor.!*> Moreover, a sec-
ond tyrosine-independent mechanism of STAT activation has been
observed for the G-CSF-R, with STAT1 and STAT5 phosphorylation
occurring even with a truncated G-CSF-R lacking all its tyrosines but
keeping the conserved proline-rich box 1 and 2 domains. In addition,
the level of activation observed was similar to that by a full-length
receptor.’®454% Some studies have proposed that JAK proteins
(JAK1 and JAK2) may recruit and phosphorylate STAT1 and STAT5 in
the context of G-CSF signalling, although none have demonstrated a
direct interaction between JAKs and STATs. 24

3.5 | GH-R

Growth hormone (GH) is a cytokine that promotes cell division,
regeneration and growth. It signals through a constitutive homodi-
meric receptor, comprising several intracellular tyrosine residues
(Figure 5D). For this receptor, a mechanism of activation independ-
ent of tyrosines of the receptor has been identified for STAT1 and
STAT3 but not for STAT5.4%4? Indeed, several studies suggest that
the membrane-proximal domain of GH-R is sufficient to induce a re-
sponse mediated by STAT1 and STAT3.%%>% Moreover, absence of
GH-R phosphorylation does not impact STAT3 phosphorylation.>*
Accordingly, JAK2 is proposed to be a docking site for STAT1 and
STAT3 in GH signalling, most probably via the STAT SH2 domains.>®
No direct interaction between STAT1, STAT3 and JAK2 have, how-
ever, been shown in the context of GH-R. GH-R tyrosines are in con-
trast absolutely required for STAT5 phosphorylation. Their absence
completely abolishes STAT5 activity in EMSA experiments>®; moreo-
ver, multiple studies have demonstrated that tyrosines located in the
C-terminal part of GH-R are essential for STAT5 signalling,>>545¢58
although one suggests that two N-terminal tyrosines are also in-
volved.’® Of note, GH-R from pig, rabbit, human and mouse has
been used to study GH signalling, making the overall analysis dif-

ficult. Therefore, defining residues involved in signalling is complex.

3.6 | IL-7R

An IL-7R (Figure 5E) lacking all tyrosine residues is still able to ac-
tivate STATS signalling. This unconventional mechanism relies on
an acidic region of the receptor located between K312 and L328.%7

MEK1/2 seems to be implicated in this alternative STAT5 activa-
tion, as pSTATS5 signal is abolished when an inhibitor of MEK1/2 is
used with a tyrosine-less IL-7R mutant model. Moreover, MEK1/2
and STATS5 co-precipitate and MEK1/2 is able to directly phospho-
rylate STATS5 in vitro, supporting their interaction. This alternative
mechanism seems to play a role in the differentiation of T ap and T
vd lymphocytes: when a mutant receptor lacking the acidic region
is introduced into T-cell progenitors from [1I7Ra™" mice, it fails to
restore aff and y8 T-cell maturation upon IL-7 stimulation, while the
wild-type receptor does.>’ Besides the noncanonical mechanism,
Tyrd49 of IL-7Ra is also described to play important roles in IL-7
signalling in vivo and in vitro.®%%! Importantly, the T-cell maturation
is maximal when IL-7R contains both its tyrosines and its acidic re-
gion, demonstrating that canonical and noncanonical mechanisms

cooperate.59

3.7 | IL-2RB

IL-2 signals through a heterotrimeric receptor composed of the IL-
2Ra chain, IL-2RB chain and the yc chain (Figure 5F). Upon IL-2
stimulation, JAK1 and JAK3 are activated and phosphorylate
residues of the IL-2Rf and yc chains. Phosphorylated tyrosines of
the receptor serve as docking sites for the recruitment of STAT1,
STAT3 and STAT5.5%%% The intracellular part of the IL-28 receptor
can be divided into 3 domains: the proximal domain that contains
no tyrosines but contains box 1 and 2, the acidic domain with four
tyrosine residues, and the C-ter containing the last two tyros-
ines.%? Using fusion proteins between GST and different parts of
the receptor, the binding sites of STAT1, STAT3 and STAT5 were
identified by the team of Bertoglio.®? For STATS5, Tyr510 seems to
be the major docking site. As for STAT1 and STAT3, the activation
mechanism was shown to be phosphotyrosine-independent and
instead dependent on the acidic region located between amino
acids 335 and 364. First, STAT1 and STAT3 were found to bind
the receptor even when the C-ter was lacking. Second, STAT1 and
STAT3 were still shown to associate, but drastically less, with a fu-
sion protein containing only part of the acidic domain and in which
all Tyr were mutated to Phe. This would imply that the tyrosine
residues of the cytoplasmic domain are not required for the bind-
ing of these STATs. Nevertheless, it was not possible to reproduce
the direct interaction between the receptor and STATs in a cellular
context. It is also worth mentioning that the conclusions drawn
here relied on binding assays only, with no data regarding signal-
ling through a mutated/truncated IL-2R.%% To Bertoglio team, the
alternative mechanism does not appear to involve direct binding
to JAK proteins since, to their knowledge, the acidic subdomain
is not involved in the association with JAKs.®> However, another
study demonstrated that aa 330 to 362 of the IL-2Rfp does actually
seem to be of importance in JAK3 binding,%* in favour of a direct
link between STAT1, STAT3 and JAK3. Future studies would help
to confirm this direct interaction or determine whether another
adaptor protein is required in the cellular context.
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3.8 | Conclusions

The JAK-direct mechanism appears to often be associated with
STAT5 activation.3>® This, however, leads to a question: Why is
this not a common mechanism used by all cytokine receptors signal-
ling through the JAK/STATS5 pathway? For example, STAT5 activa-
tion through the IL-22R requires tyrosine residues. Indeed, an 1L-22
receptor lacking all tyrosine residues is not able to induce STAT5
activation.® This means that JAK-direct interactions are context-
dependent and specific to certain receptors. Moreover, the impor-
tance of these ‘JAK-direct’ mechanisms varies between receptors.
Indeed, while the direct interactions between JAKs and STATs only
account for a small part of the total STAT5 activation in EPO-R, it
is crucial for STAT5 signalling mediated by IL-6. Interestingly, IL-6
is not known to be a strong inducer of STAT5 but rather of STAT3,
perhaps because all STAT5 activation passes through the alternative
mechanism.

Only a few studies have been able to confirm a direct ‘physical’
interaction between JAK and STAT proteins.>>3¢ Most of these in-
teractions were demonstrated through GST pull down using cells
overexpressing proteins of interest. There is thus clearly a lack of in
vivo studies, or at least in vitro studies undertaken in more ‘physi-
ological’ conditions, by truncation of the endogenous receptor via
CRISPR/Cas9 for instance. This would help to define the functional

role of these alternative mechanisms.

4 | GENERAL CONCLUSIONS

In this review, we discuss two major alternative modes of STAT acti-
vation: one that is dependent on a tyrosine-less region of the recep-
tor, and the other involving a direct interaction between STATs and
JAKs. Evidence shows that one or both alternative mechanisms add
to the canonical activation of STATs by some but not all cytokine re-
ceptors. This begs the question: what could the advantages of such
alternative mechanisms be?

A first advantage may be quantitative. Indeed, in general, the
classical and alternative mechanisms cooperate to strongly induce
STAT signalling. In IL-22 signalling, for example, phosphotyrosine-
dependent and phosphotyrosine-independent activations of STAT3
synergize. Even though the alternative activation mode seems to be
more crucial to STAT3 activation, both are required to reach the full
effect of IL-22. In contrast, almost no data are available to determine
whether alternative and canonical activations of STAT are qualita-
tively different in terms of regulation of gene expression. Based on
our unpublished results, a quantitative advantage is more likely.

Second, the pre-association of STAT to the receptor, demon-
strated for IL-22Ra, IFNAR or gp130 for example, may enable a
more rapid response following cytokine binding, as STAT is more
accessible than when it ‘swims’ freely in the cytoplasm. One can
imagine that rapid signalling in response to IL-22 or type | IFN is
crucial to provide effective defence against bacterial or viral patho-
gens. Some groups have investigated the kinetics of ‘canonical’ and

‘noncanonical’ signalling. By time-course studies in the context of
G-CSF-R, it was shown that both tyrosine-dependent and tyrosine-
independent mechanisms of STAT3 activation follow similar kinet-
ics.1® As for the EPO-R, the kinetics of activation and inactivation of
STATS5 were the same even when the JAK-direct alternative mecha-
nism’ of activation was used.*® These parameters have not yet been
evaluated for other receptors.

Phosphotyrosine-independent activation could also provide
an advantage by prolonging STAT activation. Alternative signal-
ling may escape negative feedback mechanisms that are receptor
phosphotyrosine-dependent. SOCSS3 interferes with JAK/STAT sig-
nalling by binding to JAK and inhibiting its function. It can also bind
receptor phosphotyrosines via its SH2 domain, competing with STAT
for receptor binding.®® Therefore, phosphotyrosine-independent
mechanisms might partially escape the negative feedback by SOCS.
Indeed, when SOCS3 and an IL-22Ra lacking all tyrosines were co-
transfected into 293 cells, the alternative activation of STAT3 was
significantly less sensitive to SOCS3-negative feedback compared
to canonical STAT3 activation induced by WT receptor (unpublished
data from our laboratory). Therefore, the signalling dependent on
the pre-association of STATs with cytokine receptors does not seem
to be inhibited by a retro-feedback. The role of this negative feed-
back on JAK-direct mechanisms has never been studied.

Of note, if STAT activation is sustained, it may lead to deleterious
effects such as tumour development. Thus, in the future, it might
be interesting to develop targeted therapies against these nonca-
nonical pathways of STAT activation. Indeed, blocking alternative
pathways while leaving the canonical ones intact might reduce JAK/
STAT signalling while avoiding side effects due to complete loss of a
cytokine pathway.
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