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Many cytokines and all interferons activate members of a small family of kinases (the Janus
kinases [JAKs]) and a slightly larger family of transcription factors (the signal transducers and
activators of transcription [STATs]), which are essential components of pathways that induce
the expression of specific sets of genes in susceptible cells. JAK-STAT pathways are required
for many innate and acquired immune responses, and the activities of these pathways must
be finely regulated to avoid major immune dysfunctions. Regulation is achieved through
mechanisms that include the activation or induction of potent negative regulatory proteins,
posttranslational modification of the STATs, and other modulatory effects that are cell-type
specific. Mutations of JAKs and STATs can result in gains or losses of function and can
predispose affected individuals to autoimmune disease, susceptibility to a variety of infec-
tions, or cancer. Here we review recent developments in the biochemistry, genetics, and
biology of JAKs and STATs.

Because the basic biochemistry of Janus ki-
nase–signal transducers and activators of

transcription (JAK-STAT) signaling pathways
has been frequently and extensively reviewed
(see, for example, Stark and Darnell 2012; Cai
et al. 2015; O’Shea et al. 2015; Villarino et al.
2015), we present here only a brief summary.
After a cytokine or interferon binds to its specific
receptor, the receptor forms homodimers, het-
erodimers, or trimers, depending on the cyto-
kine, thus activating the tightly bound JAKs to
cross-phosphorylate each other. The activated
JAKs then phosphorylate specific tyrosine resi-
dues in the cytoplasmic domains of the recep-
tors, providing binding sites for the STATs
through their highly conserved SH2 domains.
The receptor-bound STATs are phosphorylated,
each on a highly conserved tyrosine residue, af-

ter which they leave the receptor as homo- or
heterodimers whose association is strengthened
by SH2-phosphotyrosine interactions. The
phosphorylated STAT dimers are then trans-
ported to the nucleus, where they bind to and
activate specific promoters. The basic outline of
JAK-STAT signaling (Fig. 1) shows that interfer-
on (IFN)-g (type II IFN) and all of the cytokines
primarily drive the formation of specific STAT
homodimers, which then bind to DNA directly.
However, in some cases, heterodimers involving
STAT1 and STAT3 or STAT5A and STAT5B can
also form. In contrast, IFN-b and the subtypes
of IFN-a (collectively type I IFNs) and the sub-
types of IFN-l (collectively type III IFNs) drive
the formation of STAT1-STAT2 heterodimers,
which then associate with the DNA-binding in-
terferon regulatory protein 9 (IRF9) to form in-
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terferon-stimulated gene factor 3 (ISGF3). The
DNA sequences to which STAT homodimers
bind (g-activated sequences [GAS] elements)
are related to, but distinct from, the sequences
to which IRF9 binds (interferon-stimulated reg-
ulatory elements [ISREs]). The consensus GAS
sequences are 50TTCCNGGAA30 for STAT1, 3, 4,
and 5 and 50TTCCNNGGAA for STAT6. Note
that these motifs are palindromic, consistent
with the need for each STATsubunit of the dimer
to contact DNA. The consensus ISRE sequence
is RRTTTCNNTTTCY (Decker and Kovarik
1999). Also shown in Figure 1 are STAT tran-
scription factors that form and function without
tyrosine phosphorylation (unphosphorylated
STATs [U-STATs]). The genes encoding STAT3,
STAT1, STAT2, and IRF9 are themselves tran-

scriptional targets of the primary signals gener-
ated by phosphorylated STAT3 and ISGF3, re-
spectively, leading to secondary increases in the
concentrations of these U-STATs in response to
the initial signal, driving STAT-STATassociation
and promoter binding even in the absence of
tyrosine phosphorylation. This aspect is dis-
cussed further below.

As summarized in Table 1, many cytokines
and all IFNs use JAK tyrosine kinases and STAT
transcription factors to connect their cell-sur-
face receptors to the activation of their specific
gene targets. The assignments of specific JAKs
and STATs to specific cytokines and IFNs in
the table should be understood to represent
the major pathways only. In reality, the situation
is much more complex, and a single ligand–
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Figure 1. Outline of Janus kinase–signal transducers and activators of transcription (JAK-STAT) signaling shows
that interferon (IFN)-g (type II IFN) and all of the cytokines primarily drive the formation of specific STAT
homodimers, which then bind to DNA directly. However, in some cases, heterodimers involving STAT1 and
STAT3 or STAT5A and STAT5B can also form. In contrast, IFN-b and the subtypes of IFN-a (collectively type I
IFNs), and the subtypes of IFN-l (collectively type III IFNs) drive the formation of STAT1-STAT2 heterodimers,
which then associate with the DNA-binding interferon regulatory protein 9 (IRF9) to form interferon-stimu-
lated gene factor 3 (ISGF3). Also shown are STAT transcription factors that form and function without tyrosine
phosphorylation (unphosphorylated STATs [U-STATs]).
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receptor pair may activate more than one STAT.
The ratio of activated STATs can depend on their
relative intracellular concentrations (specific
examples for interleukin (IL)-6, IL-21, and IL-
27 are cited below), on the specific cell type, on
whether or not the cell has received prior signals
(“priming”), and probably on other variables
as well. As one example of cell-type-specific
responses, van Boxel-Dezaire et al. (2010) found
that different primary human leukocyte subsets
respond quite differently to IFN-b. In B
cells and CD4þ T cells, IFN-b activates STAT3
and STAT5 primarily, with biological effects
opposite from those driven by the “canonical”
activation of STAT1 and STAT2 in the other
leukocyte subtypes that were studied.

FUNCTIONALLY IMPORTANT CHEMICAL
MODIFICATIONS OF THE STATs

The STATs are substrates for phosphorylation,
methylation, and other posttranslational modi-
fications that facilitate both positive and negative
fine-tuning of the transcriptional responses.

Carboxy-Terminal Serine Phosphorylations

All the STATs except STAT2 share a functionally
important serine phosphorylation site within
a P(M)SP motif located near their carboxyl
termini. Carboxy-terminal serine phosphoryla-
tion is stimulated by many different cytokines
and growth factors, and is mediated by many
different kinases, including extracellular signal-
regulated kinase (ERK), p38, c-Jun amino-

terminal kinase (JNK), mechanistic target of
rapamycin (mTOR), nemo-like kinase (NLK),
calcium/calmodulin-dependent protein kinase
II (CaMKII), IkB kinase 1 (IKK1), and protein
kinase C d (PKC-d) (Schindler et al. 2007).
Phosphorylation increases the transactivation
potential of these proteins. The most intensively
investigated phosphorylated serine residues are
S727 in both STAT1 and STAT3. Phosphoryla-
tion of S727 of STAT1 and STAT3 is necessary
for full activation of transcription in response
to IFNs and IL-6 family cytokines, but the
phosphorylation of S727 in either STAT1 or
STAT3 is not associated with increased tyrosine
phosphorylation (Wen et al.1995). The serine to
alanine mutation of S727 in STAT1 or STAT3
leads to reduction of the cytokine-induced tran-
scription of specific genes, the extent of which
is likely to vary in different cellular contexts. In
addition to altering the transcriptional activa-
tion of STATs, serine phosphorylation of S727 in
STAT1 and STAT3 has been correlated with en-
hanced DNA-binding ability (Eilers et al. 1995;
Zhang et al. 1995; Ng and Cantrell 1997). Vis-
conti et al. (2000) showed that mutating S721
of STAT4 decreased its transcriptional activi-
ty in IL-12-treated cells. Phosphorylation of
both S725 and S779 of STAT5A and of S730 of
STAT5B negatively regulate transactivation in re-
sponse to stimulation of mammary glands with
prolactin (Yamashita et al. 1998; Benitah et al.
2003). Wang et al. (2004) showed that IL-4 and
IL-13 promote STAT6 phosphorylation on S756
in human T cells. However, the contribution of
this phosphorylation to function is not yet clear.

Table 1. Summary of cytokines and IFNs that use JAK tyrosine kinases and STAT transcription factors to connect
their cell-surface receptors to the activation of specific gene targets

STATs JAKs Major cytokines

STAT1 JAK1, JAK2, TYK2 Type I, II, and III IFNs
STAT2 JAK1, TYK2 Type I and III IFNs
STAT3 JAK1, JAK2, JAK3, TYK2 IL-6 family cytokines, IL-10, IL-27, IL-21
STAT4 JAK2, TYK2 IL-12, IL-23
STAT5A/B JAK1, JAK2, JAK3 IL-2, IL-7, IL-9, IL-15, EPO, TPO, GM-CSF, GH, PRL
STAT6 JAK1, JAK2, JAK3, TYK2 IL-4, IL-13

STATs, Signal transducers and activators of transcription; JAKs, Janus kinases; IFN, interferon; IL, interleukin; EPO,

erythropoietin; TPO, thrombopoietin; GM-CSF, granulocyte macrophage colony-stimulating factor; GH, growth hormone;

PRL, prolactin.
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Additional Serine and Threonine
Phosphorylations

Recent advances in mass spectrometry have
revolutionized the analysis of protein phos-
phorylation by allowing rapid identification
of the sites modified with precision and sensi-
tivity. Several additional serine and threonine
modifications sites on STATs have been found.

STAT1

Phosphorylation of S708 by TRIM6-activated
IKK1 regulates STAT1 homodimerization but
not ISGF3 formation in response to IFN (Te-
noever et al. 2007; Rajsbaum et al. 2014).
Ultimately, the phosphorylation of S708 facil-
itates the induction of a subset of ISGs whose
protein products are essential for the antiviral
response in vitro and in vivo. Phosphorylation
of S744/S747 has also been reported, but
the binding of ISGF3 to ISREs was unaffected
by a carboxy-terminal deletion of STAT1 that
removed both of these residues (Tenoever et al.
2007).

STAT2

The first serine phosphorylation of STAT2
(S287) was revealed by the work of Steen et al.
(2013). Phosphorylation-defective mutants of
S287 of STAT2 enhanced the ability of ISGF3
to bind to DNA, revealing that this phosphory-
lation is a negative regulatory event. We have
shown that the phosphorylation of T387 regu-
lates the ability of ISGF3 to bind to DNA (Wang
et al. 2017). This phosphorylation negatively
regulates the expression of most genes induced
by type I IFN, inhibiting the ability of IFN
to protect cells against virus infection and to
inhibit cell growth. In most untreated cell types,
the great majority of STAT2 is phosphorylated
on T387 constitutively. T387 lies in a cyclin-
dependent kinase (CDK) consensus sequence,
and CDK inhibitors decrease T387 phosphory-
lation markedly. Using CDK inhibitors to
reverse the constitutive inhibitory phosphory-
lation of T387 of STAT2 might enhance the
efficacy of type I IFNs.

STAT3

Waitkus et al. (2014) have provided evidence
that GSK3 a/b directly phosphorylates STAT3,
simultaneously on T714 and S727, and that
these modifications are required for STAT3-
dependent gene expression in response to simul-
taneous activation of epidermal growth factor
receptor (EGFR) and protease-activated recep-
tor 1 (PAR-1) in endothelial cells. Levels of both
T714 and S727 phosphorylation of STAT3 are
significantly elevated in renal tumor tissues, sug-
gesting that the GSK3-activated STAT3 signaling
may be important in this disease.

STAT5A

S127/S128 phosphorylation of STAT5A is re-
quired for ERBB4-induced Y694 phosphoryla-
tion and has a substantial impact on ERBB4-
dependent regulation of STAT5A activity (Clark
et al. 2005). The expression of a STAT5 mutant
in which the S725 and S779 phosphorylation
sites were altered prohibited transformation
and induced apoptosis in bone marrow cells
(Pircher et al. 1999; Xue et al. 2002; Friedbichler
et al. 2010; Berger et al. 2014). S779 is phos-
phorylated by p21-activated kinase (PAK) in
human myeloid malignancies.

STAT5B

STAT5B constitutively phosphorylated on S193
has been found in hematopoietic cancers (Mitra
et al. 2012). This phosphorylation is dependent
on the mTOR signaling pathway and positively
regulates STAT5B DNA binding and transcrip-
tional activity.

STAT6

Phosphorylation of STAT6 S707 is triggered by
the virus infection–responsive protein STING,
which is located in the endoplasmic reticulum.
Homodimers of STAT6 phosphorylated on Y641
and S407 then activate specific target genes in
the nucleus that mediate immune cell homing
(Chen et al. 2011). S707 is phosphorylated by
JNK, which can be activated in response to cel-
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lular stress or IL-1b. Phosphorylation of S707 is
a negative regulatory event that decreases the
DNA-binding ability of STAT6 following its ac-
tivation by IL-4 (Shirakawa et al. 2011).

Lysine and Arginine Modifications

The lysine residues of proteins can be modified
by acetylation or by the addition of one, two, or
three methyl groups, and the arginine residues
can be modified by methylation. Furthermore,
these reactions are reversible, providing rich op-
portunities to modify function. Many enzymes
carry out the reversible acetylation and methyl-
ation of histones, providing the chemical basis
of the modification of chromatin structure and
function known as the histone code (Allis and
Jenuwein 2016). In many cases, the specifically
modified lysine or arginine residues provide
docking sites for the binding of accessory pro-
teins that modulate function. As summarized in
Table 2, several different lysine and arginine res-
idues of STAT1 and STAT3 are methylated or
acetylated, but we are not aware of reports of
these modifications for any other STAT. In every
case, the enzymes responsible for STAT1 or
STAT3 modification were previously known to
modify histones. One of the earliest papers re-
ports the dimethylation of R31 of STAT1, which
facilitates IFN-dependent gene expression by

inhibiting the association of STAT1 with the
negative regulator PIAS1 (Mowen et al. 2001).
It is very interesting that the effects of gain-
of-function mutations of STAT1 that cause dis-
seminated yeast infections in patients can be
ameliorated by reducing the level of PIAS1 or
by facilitating STAT1 arginine methylation
(Sampaio et al. 2013).

We have described the reversible dimethyla-
tion of K140 of STAT3, which regulates STAT3-
dependent gene expression negatively (Yang et
al. 2010). In this case, the reaction is catalyzed by
the histone lysine methyltransferase SET9 and
occurs only after STAT3 has been bound to a
promoter. The docking site for SET9 is provided
by the phosphorylated S727 residue of STAT3,
because the S727A mutant of STAT3 fails to re-
cruit SET9 to the promoter. We reviewed several
additional examples of the lysine methylation of
promoter-bound transcription factors (Stark
et al. 2011). Our working hypothesis, which
needs to be tested further, is that the promot-
er-bound factor provides a docking site for a
histone-modifying enzyme that then catalyzes
functionally important modifications, not
only of the transcription factor but potentially
also of local histones and the transcriptional ma-
chinery itself. Another important modification
of STAT3 is the dimethylation of K49, carried out
by the lysine methyltransferase EZH2 (Dasgupta

Table 2. Summary of lysine and arginine modifications of STAT1 and STAT3

STATs Modifications Sites

STAT1 Methylation R31me1 (Zhu et al. 2002)
R31me2 (Mowen et al. 2001)

Acetylation K410/413ac (Kramer et al. 2006; Antunes et al. 2011; Kotla and Rao, 2015),
controversial

Sumoylation K703sm (Ungureanu et al. 2003; Ungureanu et al. 2005; Gronholm et al. 2012)
STAT3 Methylation R31me1 (Iwasaki et al. 2010)

K49me2 (Dasgupta et al. 2015b)
K140 (Yang et al. 2010)

Acetylation K49/87ac (Ray et al. 2005; Hou et al. 2008; Nie et al. 2009)
K679ac (Nie et al. 2009)
K685ac (Yuan et al. 2005; Lee et al. 2009, 2016; Dasgupta et al. 2014;

Kang et al. 2015)
K707ac (Nie et al. 2009)

Sumoylation K451sm (Zhou et al. 2016b)

Listed posttranslational modifications (PTMs) can be found at www.phosphosite.org.

STATs, Signal transducers and activators of transcription.
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et al. 2015b). Failure to carry out this reaction
inhibits the ability of STAT3 to activate the ex-
pression of a substantial fraction of its target
genes by an as-yet-unknown mechanism.

SUMOylation, Glycosylation, and Additional
Tyrosine Phosphorylation

Glycosylation (Gewinner et al. 2004) and tyro-
sine phosphorylation of STATs at additional
sites, including STAT2, human, Y631 (Scarzello
et al. 2007), STAT5A, mouse, Y682/683 (Schal-
ler-Schonitz et al. 2014), and STAT5B, rat, Y679
(Kabotyanski and Rosen 2003), have been re-
ported, but the functional importance of these
modifications is not yet well established. On the
other hand, SUMOylation of STAT1 on K703 is
a modification of great functional importance
(references in Table 2). This modification, cat-
alyzed by PIAS1 (Rogers et al. 2003; Ungureanu
et al. 2003), leads to inhibition of STAT1 func-
tion (Rogers et al. 2003; Ungureanu et al. 2005),
and modulation of the response to IFN-g is
facilitated by the SUMOylation of STAT1 (Be-
gitt et al. 2011; Maarifi et al. 2015).

NEGATIVE REGULATION

Failure to regulate cytokine-stimulated re-
sponses leads to catastrophic hyperinflamma-
tory responses, and therefore elaborate mecha-
nisms exist to achieve the necessary negative
regulation. A major mechanism involves the
suppressor of cytokine signaling (SOCS) pro-
teins (reviewed by Kazi et al. 2014). These po-
tent negative regulators are typically induced in
response to acute exposure to specific cytokines,
and they typically function by inhibiting STAT
activation at the receptors (see Babon et al. 2014
for an example of the SOCS3 and the IL-6 fam-
ily of cytokines). Defective SOCS3 function has
been reported to contribute to many diseases,
including allergy, autoimmune diseases such as
rheumatoid arthritis, vascular inflammatory dis-
eases, insulin resistance, and cancer, as reviewed
by Yin et al. (2015). Many additional mecha-
nisms contribute to adequate regulation of the
induction of and responses to IFNs, including
the PIAS proteins, which inhibit the function

of activated STATs in the nucleus and also cata-
lyze the inhibitory SUMOylation of STAT1, and
protein tyrosine phosphatases, which inactivate
the STATs (Hertzog and Williams 2013; Porritt
and Hertzog 2015). Although the STAT3-in-
duced expression of SOCS3 is important for
dampening acute responses to IL-6 and other
gp130-linked cytokines, tumor cells use an IL-
6-induced association between the IL-6 recep-
tor:gp130 complex and the EGFR to nullify the
inhibitory effect of SOCS3 and thus to sustain
STAT3 activation constitutively (Wang et al.
2013). It seems likely that specific mechanisms
to prevent negative regulation of STATactivation
will be used whenever sustained STAT activation
is necessary in normal physiology.

UNPHOSPHORYLATED STATs

Many studies have shown that U-STATs, which
lack phosphorylation of their highly conserved
tyrosine residues, are located in nuclei, bind
to promoters, and activate gene expression
(Chatterjee-Kishore et al. 2000; Yang et al.
2005, 2007; Cui et al. 2007; Cheon and Stark
2009; Cheon et al. 2013; Park et al. 2015).
Whether the phosphorylation of other residues
affects the function of U-STATs is not clear, but
K685 of U-STAT3 is acetylated, and mutation of
this residue results in loss of expression of many
U-STAT3-induced genes (Dasgupta et al. 2014).
U-STATs 1, 2, 3, 5, and 6 regulate gene expres-
sion through their interactions with partner
cofactors. The expression of U-STATs 1, 2, and
3 is increased in response to cytokines that in-
duce their tyrosine phosphorylation, but how
the expression of the other U-STATs is regulated
is not yet known. The roles of U-STATs in
regulating gene expression were originally con-
troversial, but it is now generally accepted that
U-STATs are critical transcription factors that
are involved in many biological events in both
normal and pathological situations.

U-STATs as Positive Regulators of Gene
Expression

The levels of the U-STAT1, U-STAT2, and U-
STAT3 proteins are induced in response to sig-
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nals that lead to the tyrosine phosphorylation of
each STAT, because each phosphorylated STAT
binds to the promoter of its own gene to induce
expression (Yang et al. 2005; Cheon et al. 2013).
The U-STAT proteins then accumulate, translo-
cate into nuclei, bind to target gene promoters
together with their cofactors, and induce the
expression of these genes. U-STATs contribute
to the steady-state constitutive expression of
specific genes, while tyrosine-phosphorylated
STATs induce rapid and transient responses in
response to cytokine stimulation. Many target
genes of U-STATs 1, 2, 3, and 6 encode proteins
that promote cell survival and resistance to
cell death, suggesting that the U-STAT system
helps to sustain the survival of cells in stressful
environments.

U-STAT1 induces its target genes as
U-ISGF3, a tripartite complex with U-STAT2
and IRF9, and the expression of all three
U-ISGF3 components is increased in response
to either type I or type III IFN (Cheon et al.
2013; Sung et al. 2015). U-STAT1 does not ac-
tivate gene expression as a homodimer, because
high levels of U-STAT1 do not induce target
gene expression if U-STAT2 and IRF9 are not
present in sufficient quantities (Cheon and
Stark 2009; Cheon et al. 2013). U-ISGF3 in-
duces a subset of ISGs that are also induced in
the initial response to IFNs, resulting in their
prolonged expression. The phenotypes of cells
that express high levels of only the U-ISGF3-
induced genes are different from those of cells
treated with high levels of IFNs, which express
all of the ISGs in response to phosphorylated
ISGF3. Cancer cells that express high levels of U-
ISGF3 are more resistant to DNA damage, while
IFNs inhibit cancer cell proliferation and
increase their apoptosis (Borden et al. 2007).
Similarly, hepatocytes expressing high levels of
U-ISGF3 are more resistant to IFN-a therapy,
although U-ISGF3 itself suppresses viral repli-
cation by inducing antiviral genes (Sung et al.
2015). Phosphorylated STAT3 mediates the in-
duction of U-STAT3 in response to IL-6 and
other cytokines that activate gp130-linked re-
ceptors (Yang et al. 2005). However, in strong
contrast to the situation for U-STAT1, U-STAT3
induces the expression of a set of genes that is

completely different from the set induced by
phosphorylated STAT3 (Yang et al. 2005).
Some of the genes specifically induced by
U-STAT3 are important oncogenes, including
SRC, MET, and MRAS. The mechanism by
which U-STAT3 induces expression of target
genes is only partially understood. However,
for the expression of a subset of the induced
genes, including RANTES, IL6, and IL8,
U-STAT3 forms a complex with nuclear factor
kB (NF-kB), which then binds to kB elements
in the promoters of a small fraction of NF-kB
target genes (Yang et al. 2007). Cui et al. (2007)
show that U-STAT6 constitutively activates the
expression of the COX2 gene. Similarly to the
other U-STATs, U-STAT6 also forms a complex
with a cofactor protein, p300, facilitating bind-
ing to the COX2 promoter.

U-STATs as Negative Regulators of Gene
Expression

In contrast to their ability to regulate gene ex-
pression positively, some U-STATs repress gene
expression instead. ChIP-seq data showing ge-
nome-wide distribution reveals that U-STAT5
and phosphorylated STAT5 bind to different
cis-acting elements in the genome, and differ-
ently regulate gene expression (Park et al. 2015).
In this study, phosphorylated STAT5 was
shown to bind to GAS elements in canonical
STAT5-induced promoters in response to
thrombopoietin (TPO) in mouse hematopoiet-
ic stem cells. In the absence of TPO, however, a
large portion of U-STAT5 occupies binding sites
for early growth response (EGR), an activator
that promotes the expression of megakaryocytic
genes, thus repressing EGR-induced gene ex-
pression. Only a small portion of U-STAT5
binds to promoters that are occupied by phos-
phorylated STAT5 in response to TPO, but the
role of U-STAT5 is not known in that situation.
Differently from U-STAT5, U-ISGF3 and phos-
phorylated ISGF3 bind to similar ISRE elements
in the promoters of ISGs that are induced by
both transcription factors (Cheon et al. 2013).
Using a ChIP-on-chip analysis, Testoni et al.
(2011) showed that U-STAT2, possibly as a com-
ponent of U-ISGF3, binds to more than half of

JAKs and STATs
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the ISG promoters investigated before IFN-a
treatment, but the effect on the expression of
ISGs is not clear. Although U-ISGF3 itself in-
creases the expression of some ISGs in the ab-
sence of IFN treatment, we do not yet know
whether or not U-ISGF3 inhibits the ex-
pression of other ISGs in response to IFN.

Nongenomic Activity of U-STAT3 in
Mitochondria

U-STAT3 plays important roles not only in the
nucleus but also in mitochondria (Garama et al.
2016). The mitochondrial activity of STAT3 is
not dependent on Y705 phosphorylation, but
phosphorylation of S727 is necessary (Gough
et al. 2009, 2014). Mitochondrial U-STAT3
regulates the activity of the electron transport
chain, which is required for adenosine triphos-
phate (ATP) production, and the opening of
the mitochondrial permeability transition
pore (Gough et al. 2009; Wegrzyn et al. 2009).
In RAS-transformed cells, the MEK–ERK
pathway drives the phosphorylation of STAT3
on S727, and RAS-transformed cells carrying
a mutation of S727 are partially resistant to
inhibitors of the ERK pathway (Gough et al.
2013).

STRUCTURES AND INTRACELLULAR
LOCATIONS OF STATS

Phosphorylated STATs are translocated into the
nucleus after cytokine stimulation, but U-STATs
shuttle constitutively between cytoplasm and
nucleus (Meyer and Vinkemeier 2004; Pranada
et al. 2004; Liu et al. 2005; Iyer and Reich 2007;
Vogt et al. 2011). U-STATs 1, 3, and 5 form
antiparallel dimers, whereas phosphorylated
STAT dimers are in a parallel conformation
that is stabilized by phosphotyrosine–SH2 do-
main interactions, allowing both DNA-binding
domains to contact the GAS sequences simulta-
neously, resulting in strong binding (Mao et al.
2005; Neculai et al. 2005; Wenta et al. 2008;
Timofeeva et al. 2012; Nkansah et al. 2013).
In addition, phosphorylated homodimers of
STAT1 bind to each other to form tetramers,
facilitating gene expression in response to type

II (but not type I) IFNs. Consistently, the F77A
mutation of murine STAT1, which disrupts
dimer–dimer interactions, blunts signaling
in response to type II IFNs in mice (Begitt
et al. 2014). Interestingly, Droescher et al.
(2011) found that all activated STATs can form
paracrystalline arrays in the nuclei of cytokine-
stimulated cells, with important biological
consequences. However, for STAT1 only, this
phenomenon can be prevented by modification
of the protein by SUMO (Begitt et al. 2011;
Droescher et al. 2011). STAT2 forms a stable
antiparallel heterodimer with either the un-
phosphorylated or tyrosine-phosphorylated
forms of STAT1; these heterodimers are not
transported to the nucleus and have no tran-
scriptional activity, so STAT2 is a pervasive neg-
ative regulator of STAT1-dependent functions
(Ho et al. 2016). However, when IRF9 is present
in sufficient quantity, antiparallel STAT1-STAT2
heterodimers will be converted to U-ISGF3
(Cheon et al. 2013) or to hemiphosphorylated
ISGF3 (Morrow et al. 2011), in which the rela-
tive orientation of the two STATs becomes par-
allel. They are then transported to the nucleus
and bind to DNA to activate transcription.
Thus, the availability of free STAT1 to signal in
response, for example, to IFN-g or IL-27 (Ho
et al. 2016), will depend on the relative concen-
trations of both STAT2 and IRF9.

CHROMATIN REMODELING BY STATs

There are a few intriguing reports that STATs
function to affect chromatin structure indepen-
dently of their ability to activate transcription.
U-STAT92E (the only Drosophila STAT) stabi-
lizes heterochromatin in association with het-
erochromatin protein 1 (HP1) (Shi et al. 2008).
Phosphorylation of U-STAT92E causes hetero-
chromatin instability and promotes gene ex-
pression. Human U-STAT5A binds to HP1a,
repressing the expression of multiple oncogenes
(Hu et al. 2013). The overexpression of STAT5A
Y704F, which cannot be phosphorylated at this
site, has effects on global gene expression simi-
lar to the effects of over expressing HP1a. The
phosphorylation of STAT1 remodels chromatin
to generate a local environment appropriate for
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the activation of target gene expression. When
human histocompatibility (MHC) genes are
activated by IFN-g, phosphorylated STAT1,
which binds to specific elements of the target
gene promoter and recruits the chromatin re-
modeling enzyme BRG1, causes the release of
entire MHC locus loops from compacted chro-
matin (Christova et al. 2007).

JAK AND STAT MUTATIONS

Naturally Occurring STAT Mutations

Because the STATs have essential roles in infec-
tious disease, immunity, and cancer, many
naturally occurring mutations have been dis-
covered that affect human health, providing
a rich source of structural and functional infor-
mation. All seven STATs form homo- and
heterodimers following phosphorylation of
their tyrosine residues, and thus there is great
potential for dominant effects in which only
one partner is mutated. These mutations can
affect many different protein–protein interac-
tions, leading to dominant phenotypes that
reflect either loss of function (LOF) or gain of
function (GOF), as summarized recently for
STAT3 (Chandrasekaran et al. 2016). However,
STAT mutations will be manifest in human dis-
ease only if they lead to a discernable biological
phenotype and, although many dominant mu-
tations have been described for STAT1 and
STAT3, far fewer have emerged for the other
STATs. Because the structures of the STAT di-
mers are similar, it seems likely that germline
dominant mutations will occur with similar fre-
quencies for all the STATs, but with far less fre-
quent phenotypic consequences for STATs 2, 4,
5, and 6. In their summary of all human prima-
ry immunodeficiencies, Boisson et al. (2015)
point out that the known autosomal-recessive
deficiencies are all caused by alleles with LOF,
and that 44 out of 61 autosomal-dominant
defects are caused by LOF mutations. Negative
regulation of cytokine-dependent signaling is
vital to prevent overstimulation of immune
responses, so that, within the 17 examples
of GOF-dominant mutations, those affecting
STAT1 lead to infection, autoimmunity, and

malignancy, whereas GOF mutations of STAT3
affect autoimmunity, allergy, and autoinflam-
mation. Y705, S727, and K49 mutations of
STAT3 have not yet been reported, presum-
ably because they would not be consistent
with survival.

Gain-of-Function Somatic Mutations in
Cancer

The constitutive activation of JAK-STAT signal-
ing pathways in cancer cells, through somatic
mutation and other mechanisms, drives prolif-
eration and resistance to stresses, and helps to
overcome barriers to perpetual cell growth.
Because this topic has been well reviewed re-
cently (O’Shea et al. 2015; Pilati and Zucman-
Rossi 2015; Thomas et al. 2015), we present only
a few illustrative examples here. As recent exam-
ples for the STATs, activating somatic mutations
of STAT5B lead to leukemia (Rajala et al. 2013)
and activating mutations of STAT6 lead to
follicular lymphoma (Yildiz et al. 2015). For
JAK2, the activating V617F mutation causes
polycythemia vera and other myeloproliferative
diseases (Spivak 2010).

The Gain-of-Function STAT1 Paradox in
Infectious Disease

Resolution of infection depends heavily on IFN
responses, and specific STAT1 and JAK muta-
tions that lead to increased susceptibility to
infection have been extensively reviewed (Casa-
nova et al. 2012; Boisson et al. 2015). Because
STAT1 is required for all known responses to all
three IFN subtypes, dominant STAT1 mutations
lead to increased susceptibility to a wide range
of infectious agents. For example, some domi-
nant LOF mutations of STAT1 underlie chronic
infections, such as candidiasis (van de Veerdonk
et al. 2011) and disseminated mycobacterial
disease (Sampaio et al. 2012). It is surprising
that germline GOF mutations that lead to
constitutive STAT1 activity predispose affected
individuals to diseases resulting from infection
with a variety of mycobacteria and fungi (Sam-
paio et al. 2013; Uzel et al. 2013; Kumar et al.
2014). As summarized by Zerbe et al. (2016),
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“STAT1 LOF mutations are associated with viral,
mycobacterial . . . and bacterial infections, while
GOF mutations are associated with mucocuta-
neous and invasive fungal infections and viral
infections.” STAT1 GOF mutations also cause
failure to control persistent JC virus infections
in the central nervous system, leading to pro-
gressive multifocal leukoencelphalopathy in
humans (Zerbe et al. 2016). Furthermore, per-
sistent activation of IFN signaling, which de-
pends on STAT1 activation, facilitates persistent
lymphocytic choriomeningitis virus (LCMV)
infection in mice (Teijaro et al. 2013; Oldstone
2015). Why are we betrayed by STAT1-depen-
dent systems whose primary roles should be to
protect us from infection? As summarized by
Michael Oldstone (2015) for the example of
persistent LCMV infection in mice, production
of type I IFN leads to the expression of IL-10
and PD-1/PD-L1, which in turn cause loss of
antiviral T-cell function, so that inhibiting the
IFN response helps to cure the persistent infec-
tion! The general problem is that the up-regu-
lation of strong inhibitory responses to acute or
persistent infections must be balanced by the
need to limit these responses, to avoid killing
uninfected cells, and to avoid autoimmunity,
resulting in a complex system that is poised on
a veritable knife-edge and thus susceptible to
misregulation.

There are a few examples of human germline
mutations in STATs other than STAT1 or STAT3
that affect infection or inflammation. Patients
with an abnormally low level of STAT2 expres-
sion are susceptible to virus infections (Shahni
et al. 2015) but, very surprisingly, the complete
loss of STAT2 expression does not seem to elim-
inate completely the host defense against many
viruses, but does sensitize affected individuals
to measles (Hambleton et al. 2013). For STAT4,
some polymorphisms influence the risk of
developing juvenile arthritis (Fan et al. 2015).

STATs AND IFNs

Mechanisms of Misregulation of IFN Signaling

The complexity of how negative regulators fine-
tune IFN responses and the consequences of

failure to regulate these responses effectively
have been well reviewed recently (Hertzog and
Williams 2013; Porritt and Hertzog 2015). In
hepatitis C virus (HCV) infections, the virus
persists even though many IFN-induced pro-
teins are expressed at a high level in the livers
of chronically infected patients. However, the
levels of tyrosine-phosphorylated STAT1 and
STAT2 are low, and the patients respond poorly
to exogenous IFN (Shin et al. 2016). The under-
lying mechanism is complex, revealing some
important general principles (Sung et al.
2015). The levels of U-ISGF3 are high in these
livers because of chronic exposure to IFN-l and,
as a result, the downstream gene ISG15 is con-
stitutively activated. Increased concentrations
of the ISG15 protein stabilize USP18, a negative
regulator of the response to type I IFNs (Zhang
et al. 2015). Negative regulators play an essential
role in modulating IFN responses that, if not
well controlled, are extremely deleterious. The
expected phenotype of a cell with a low level of
IFN-dependent signaling, as a result of either
chronic exposure to a low level of IFN or to a
GOF mutation of STAT1, is failure to respond
effectively to the high level of IFN that would be
produced in response to an infection. As exam-
ples, we note GOF STAT1 mutations that lead to
increased constitutive STAT1 tyrosine phos-
phorylation and STAT1-dependent gene expres-
sion, but decreased ability of the affected cells
to respond to restimulation by IFN (Sampaio et
al. 2013; Uzel et al. 2013). We anticipate that
increased expression of prominent negative
regulators, such as the SOCS and PIAS proteins
in response to GOF STATmutations, will help to
explain why cells bearing these mutations fail
to respond well to a high level of the relevant
cytokine, especially IFN. We also suspect that
U-ISGF3, which activates some promoters
(Cheon et al. 2013), also binds to other promot-
ers without activating them, thus competing
with phosphorylated ISGF3 to inhibit the
IFN-induced responses of these promoters.

It is fascinating to observe that not all mam-
mals use the IFN system in the same way. Zhou
et al. (2016a) found that at least one species
of bats expresses type I IFNs constitutively in
the absence of exogenous stimulation, leading
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to the constitutive expression of U-ISGF3 and
providing resistance to viruses that are patho-
genic in other mammals. Some bats are espe-
cially sensitive to fungal infections (Verant et al.
2014), and it seems possible that desensitization
to increased production of IFN on infection
may contribute to this situation. It is also rele-
vant that constitutive IFN signaling at very low
levels in normal individuals modulates pro-
found biological effects (Gough et al. 2012),
including the regulation of basal STAT1 expres-
sion, as shown by the failure of Y701F STAT1 to
sustain STAT1 gene expression in transgenic
mice (Majoros et al. 2016). Another possibility
for the deleterious effects of GOF mutations in
STAT1 and STAT3 is the competition of these
two proteins for activation by specific receptors,
including the receptors for IL-21 (Wan et al.
2015), IL-6 (Costa-Pereira et al. 2002), and
IFN-g (Qing and Stark 2004). In the case of
IL-21, STAT1 and STAT3 have opposing roles
in regulating the function of CD4þ T cells
(Wan et al. 2015). The relative concentrations
of STAT1 and STAT3 are determined not only by
endogenous factors but also by the actions of
cytokines, because activated STAT3 drives the
expression of the STAT3 gene (Yang et al.
2007) and ISGF3 drives the expression of not
only the STAT1 gene but also the STAT2 and
IRF9 genes (Cheon et al. 2013). Therefore,
GOF mutations in STAT1 or STAT3 are likely
to alter the steady-state levels of these two pro-
teins and thus affect the biological responses to
cytokines such as IL-21.

Good and Bad IFNs in Cancer

Cancers are constitutively exposed to IFNs
that are produced by immune cells in the
tumor microenvironment, especially macro-
phages and dendritic cells. In addition, cancer
cells make type I IFNs themselves in response
to endogenous or induced DNA damage and
in response to the enhanced expression of
double-stranded RNAs that are encoded by
endogenous retrovirus-like DNA sequences,
following reduction in the extent of the DNA
methylation that normally suppresses their ex-
pression (reviewed by Cheon et al. 2014 and

Borden 2017). Acute exposure to endogenous
or exogenous (therapeutic) IFN often leads to
the arrest or death of cancer cells (Borden 2017).
In particular, the IFN that is induced in re-
sponse to DNA damage facilitates the arrest or
killing of cancer cells (Widau et al. 2014; Yu et al.
2015). On the other hand, chronic exposure to a
low level of IFN leads to the expression of genes
comprising the IFN-related DNA damage-resis-
tance signature (IRDS) (Weichselbaum et al.
2008), which is virtually identical to the pattern
of gene expression observed in response to
U-ISGF3 (see above). The IRDS phenotype in
cancer is characterized by resistance to DNA
damage, very likely because of the action of
one or more IFN-induced protein. Cancer cells
have to survive the toxic effects of endogenous
IFNs that arise from constitutive DNA damage
and the formation of endogenous double-
stranded RNA (Leonova et al. 2013) and exog-
enous IFNs produced by immune cells in the
tumor microenvironment. They do this by
desensitizing the full response to IFNs, which
otherwise would induce the expression of many
cytotoxic or cytostatic proteins while retaining
the partial response to IFN that is driven by
U-ISGF3, which induces the expression of
proteins that provide protection against DNA
damage. How the cancer cells manage to achieve
such a selective response to IFNs remains to be
elucidated. Important factors are likely to be the
amounts and types of IFN that are present and
the modulatory effects of the many other
signaling pathways that are activated by other
cytokines in the tumor microenvironment.

SUMMARY AND CONCLUSIONS

Many complex mechanisms are required for
appropriate control of how cells respond to
cytokines and IFNs, including multiple post-
translational modifications of the STATs and
inhibition by many constitutive and induced
negative regulators. Furthermore, all the re-
sponses are time-dependent, with kinetics that
are regulated in many ways as well, including
changing levels of STAT expression and modu-
lation of the effects of the negative regulators.
How a cell responds to a specific cytokine or IFN
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is determined not only by the cell type but also
by the experience of that cell, in which all the
signals that the cell is receiving from the envi-
ronment are integrated into a specific pattern of
behavior. Defects in control become evident in
patients with rare germline defects in the STATs
and in the abnormal responses of cancer cells to
extracellular signals. We can anticipate many
more years of important new discoveries as the
many layers of this amazing system are exposed
to our view by ongoing research.
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