
 Review

www.landesbioscience.com JAK-STAT e26141-1

JAK-STAT 2:4, e26141; October/November/December 2013; © 2013 Landes Bioscience

Review

As recounted in John Godfrey Saxe’s 19th century poem, “The 
Blind Men and the Elephant”, blind men attempted to describe 
an elephant, each comparing it to a wall, a spear, a snake, a tree, 
a fan, or a rope, depending on which part of the elephant he 
touched. “And so these men of Indostan / Disputed loud and long, 
/ Each in his own opinion / Exceeding stiff and strong, / Though 
each was partly in the right, / And all were in the wrong!” This 
unresolved quarrel applies to the modern elephant sometimes 
known as “oxidative stress”, sometimes as “redox regulation”, and 
often described in terms of reactive oxygen species (ROS), reactive 
nitrogen species (RNS), hypoxia, ischemia, inflammation, lipid 
peroxidation, or the cornucopia of molecules with pro-oxidant 
or antioxidant properties. Unsurprisingly, when one appraises 
the literature surrounding the relationship between the elephant 
and Janus kinases (JAKs), one encounters a spirited disagreement 
over basic observations. To wit, some have argued that JAK 
activity was enhanced by oxidative stress while others argued that 
oxidative stress inhibited JAK activity, “though each was partly in 
the right”. In this review I will first discuss in vitro biochemical 
evidence to provide a plausible molecular mechanism for the 
direct redox regulation of JAK’s catalytic activity. Second, I will 
review in situ and in vivo experiments demonstrating that redox 
regulation and oxidative stress can affect JAK-dependent cellular 
outcomes, and discuss these results in terms of direct and indirect 
regulatory mechanisms. Thereafter I will speculate on a number 

of pathological conditions in which the redox regulation of JAKs 
may be significant.

Part I: The Beauty of Biochemical Simplicity

The term redox simply reminds us that whenever one 
molecule (or reaction center within a macromolecule) gains 
electrons to become reduced to a lower oxidation state, another 
molecule must yield those electrons to become oxidized 
to a higher oxidation state. From the author’s perspective, 
the original clue that JAK2 might be susceptible to redox 
regulation was simply that it lost considerable activity once a 
few hours intervened between the isolation of the recombinant 
enzyme and the initiation of the radiolabelling autokinase 
assay, indicative of thermodynamically-favorable, spontaneous 
oxidation upon equilibration with atmospheric oxygen. By using 
two well-established thiol modification reagents (the reductant 
dithiothreitol (DTT)1 and the oxidant ortho-iodosobenzoate 
(oIBZ)2,3), it was relatively simple to demonstrate that JAK2’s 
activity could be inhibited by pre-treatment with oIBZ, 
maximized by pre-treatment with DTT, and that the effect 
of each reagent could be completely reversed by re-treatment 
with the reciprocal reagent.4 Note that the pre-treated enzyme 
was removed from the redox reagents prior to initiating the 
autokinase assay; some commercial assay cocktails contain DTT 
or other thiol-reducing agents which mask the inhibitory effect 
of any oxidant and lead to erroneous conclusions. The dramatic 
response of partially-purified JAK2 to these reagents implied 
that cysteine residues within the enzyme were intimately 
involved in the process, and allowed one to predict that other 
thiol-reactive oxidants would evoke a similar response as oIBZ 
pre-treatment. Nitric oxide is known to react with free thiols to 
form S-nitrosothiols5 and is capable of oxidizing vicinal thiols 
into disulfides6; direct treatment of immunoprecipitated JAK2 
with nitric oxide also resulted in DTT-reversible inhibition of 
radiolabelling autokinase activity.4 These preliminary in vitro 
experiments involving partially-purified enzymes and thiol-
selective reagents inspired the search for cysteine residues 
within JAK2 responsible for this phenomenon. Recombinant 
rat JAK2 contained 27 cysteine residues, but fortuitously, 18 of 
those residues in the N-terminal domains were eliminated from 
consideration by observing that a truncated, hyperactive form 
of the enzyme exhibited the same redox-sensitivity as the full-
length form of the enzyme.7 Assuming that serine residues would 
be the most conservative substitution for cysteine residues, a 
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The redox regulation of Janus kinases (JAKs) is a complex 
subject. Due to other redox-sensitive kinases in the kinome, 
redox-sensitive phosphatases, and cellular antioxidant systems 
and reactive oxygen species (ROS) production systems, the 
net biological outcomes of oxidative stress on JAK-dependent 
signal transduction vary according to the specific biological 
system examined. This review begins with a discussion of 
the biochemical evidence for a cysteine-based redox switch 
in the catalytic domain of JAKs, proceeds to consider direct 
and indirect regulatory mechanisms involved in biological 
experiments, and ends with a discussion of the role(s) of redox 
regulation of JAKs in various diseases.
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series of Cys-to-Ser mutant forms of the truncated, hyperactive 
JAK2 were generated in individual and combinatorial fashion, 
leading to the identification of four cysteine residues within 
the catalytic domain (Cys866, Cys917, Cys1094, and Cys1105) 
which cooperatively maintained catalytic competency. Further 
scrutiny of these four residues via Cys-to-Ala mutations, again 
in individual and pairwise fashion, revealed a functional role(s) 
of the Cys866,Cys917 pair in the N-lobe of the catalytic domain 
which was clearly distinct from that of the Cys1094,Cys1105 pair 
in the C-lobe of the catalytic domain.8 Simultaneous mutation 
of both N-lobe cysteine residues to alanine residues provided 
evidence that these two served as a redox switch in the catalytic 
domain. This mutant possessed the requisite high level of in 
vitro radiolabelling autokinase activity to clearly demonstrate 
that the activity was completely unaffected by redox reagents 
oIBZ and DTT, unlike all other active JAK2 mutants examined 
to date.

Other experimental insights into the nature of the oxidized 
state of the enzyme included: (1) serine substitutions at positions 
866 and/or 917 consistently exhibited lower activities than 
their alanine counterparts, which was unexpected due to the 
assumption that a polar substitution would be more conservative 

than an apolar substitution; (2) individual 
mutations at either position 866 or 917 did 
not completely abolish the redox sensitivity 
of the enzyme, which was unexpected due 
to the assumption that the pair of proximal 
cysteine residues formed a disulfide bond 
upon oxidation. Thus, the reversible oxidation 
of these cysteine residues to sulfenic acids 
provided the most satisfactory explanation for 
the aforementioned biochemical observations. 
This does not exclude the possibility of 
disulfide formation under physiological 
conditions, because the two sulfur centers 
of Cys866 and Cys917 are approximately 9 
Å apart, residing in the β2 and β4 sheets. It 
is perfectly reasonable to envision that these 
sulfur centers can flex closer to each other to 
reach the permissive distance for disulfide 
bond formation. The current best model for 
the direct redox regulation of Janus kinases is 
depicted in Figure 1, in which the two N-lobe 
cysteines can exist in dynamic equilibrium 
between thiol, sulfenic acid, and disulfide 
states.9 Substitution of serine residues in the 
N-lobe appeared to mimic a state in which the 
two cysteine residues have been oxidized to 
sulfenic acids, and these mutant enzymes had 
extremely low autokinase activity, as evidenced 
by the near lack of observable activity in the 
radiolabelling autokinase assay and grossly 
impaired in situ autophosphorylation activity. 
However, such mutants were not completely 
inactive kinases. As of this writing, the 
exact mechanism(s) to explain (i.e., altered 

nucleotide binding properties, destabilized coordination of the 
divalent cation bound to ATP, increased futile cycle hydrolysis of 
ATP, etc.) why the oxidized form of JAK2 has such dramatically-
altered activity is as yet undefined. The site of the redox switch is 
in close proximity to the ATP binding site of JAK2, and it is also 
close to other N-lobe amino acid residues which increase JAK2’s 
enzymatic activity when mutated (T875N,10 Y931C,11 D873N, 
and P933R12). Thus, the exact mechanism whereby the redox 
switch modulates JAK2’s activity is most likely to involve one or 
more of the biochemical steps involved in the catalysis of tyrosine 
phosphorylation.

Cysteine-based redox switches have been identified in a broad 
range of other enzyme systems and are currently appreciated as an 
important post-translational regulatory mechanism which allows 
these systems to respond to changes in the redox environment.13 
In addition to extra-catalytic redox switches, enzymes such 
protein tyrosine phosphatase 1B (PTP1B) contain active-site 
cysteine residues which are absolutely essential to the catalytic 
mechanism of action.14 Unlike an essential active-site cysteine, 
the JAK2 redox switch dramatically modulates the enzyme’s 
kinase activity rather than switching it between absolute “on/
off” states. When one aligns the three dimensional structures of 

Figure 1. A simple equilibrium model for the direct redox regulation of Janus kinases. This 
model, based on the 3D structural coordinates of the JAK2 catalytic domain,125 shows the 
reduced (thiol) state of the redox switch in yellow, with Cys866 on the left and Cys917 on 
the right, and with the essential Lys882 residue shown in purple. Upon oxidation, these two 
residues can become oxidized to form a disulfide bond, shown in orange, or either one can 
become independently oxidized to a sulfenic acid, where the S-OH moiety is shown as bonded 
orange-pink-gray spheres. The dynamic equilibrium between these states shifts in response 
to the redox state of the environment, which can be naturally or artificially manipulated by an 
excess of reductants (shifting left) or oxidants (shifting right). Note: the disulfide form does 
not need to transition through a sulfenic acid state to become the fully reduced state, and 
vice versa.



www.landesbioscience.com JAK-STAT e26141-3

JAK2 and JAK1, the two cysteine residues of the redox switch 
are absolutely conserved,8 consistent with evidence that JAK1 
exhibits comparable redox-sensitivity.15,16 JAK3 has also been 
shown to be redox-sensitive,4 yet only one of the two redox switch 
cysteine residues (Cys839 in JAK3, corresponding to Cys866 in 
JAK2) are aligned in 3D space; a serine residue (Ser890) is located 
in the space occupied by Cys917 in JAK2. This is consistent with 
mutational evidence showing that only one of the two cysteines is 
required for redox-sensitivity in JAK2, and is consistent with the 
notion that sulfenic acid formation is sufficient for a functional 
switch response. Evidence of the redox-sensitivity of TYK2 also 
exists16 and is consistent with the comparable spatial arrangement 
of the redox switch cysteine residues: Cys866 of JAK2 and 
Cys915 of TYK2 are adjacent, rather than overlapping, and while 
Cys917 of JAK2 and Cys966 of TYK2 overlap, TYK2 contains 
an additional adjacent Cys965. A representative sample of 22 JAK 
amino acid sequences from diverse metazoan species were aligned 
using the CLUSTAL OMEGA multiple sequence alignment 
algorithm17,18; sections of the alignment including rat JAK2 
cysteine residues 866, 917, 1094, and 1105 are shown in Figure 2. 
The redox sensor switch is found in JAK1 and JAK2, whether 
from mammals, birds, reptiles or fish, but is found in neither 
HOP expressed in insects nor in JAK expressed in tunicates and 
crustaceans. Conservation of the redox sensor switch cysteine 
residues in vertebrate JAK3 and TYK2 is variable (Fig. 2).

It is unclear whether this particular redox switch motif, which 
requires further experimental characterization, regulates the 
function of other protein-tyrosine kinases. Of the 90 mammalian 

protein-tyrosine kinase catalytic domains examined, only the 
TRK family members TRKA, TRKB, and TRKC contain such 
a spatially-conserved two-cysteine motif. Although no direct 
evidence could be found to show that this spatially-conserved 
two-cysteine motif functions as a redox switch in TRK family 
members, Cys866 of JAK2 closely approximates the space 
occupied by Cys529, Cys573, and Cys557 of TRKA, TRKB, 
and TRKC, respectively, and Cys917 of JAK2 overlaps the space 
occupied by Cys579, Cys623, and Cys607 of those respective 
kinases. Yet 51 of the mammalian protein-tyrosine kinases 
examined contain a cysteine residue in the space occupied by 
Cys917 of JAK2. In contrast, EPH family members lack such a 
cysteine, as do most of the SRC family members. Src is directly 
redox-regulated, although the precise mechanism remains a 
matter of debate.19 Some have proposed that hydrogen peroxide 
activates Src activity via disulfide linkage between Cys245 in the 
SH2 domain and Cys487 in the kinase domain.20 Others have 
proposed that oxidation of Cys277 creates an inactive Src dimer 
via intermolecular disulfide bond formation, a model which is 
proposed to extend to FGFR family members.21 In addition to 
the aforementioned TRK family members, mammalian protein-
tyrosine kinase families containing an equivalent of JAK2’s 
Cys917 residue include the FGFR, VEGFR, PDGFR, TEC, 
LMR, and EGFR families.

Before ending this discussion of the in vitro biochemical 
aspects of the redox regulation of Janus kinases, the author wishes 
to mention another curiosity which may be either significant 
or merely happenstance. Two of the four cysteine residues 

Figure 2. Conservation of four critical cysteine residues within 22 Janus kinases. Twenty-two JAK amino acid sequences from diverse metazoan species 
were aligned using the CLUSTAL OMeGA multiple sequence alignment algorithm.17,18 Sections of the alignment including rat JAK2 cysteine residues 866, 
917, 1094, and 1105 are shown, with conserved cysteine residues highlighted in yellow.
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(Cys1094 and Cys1105) which cooperatively maintain catalytic 
competency flank the opposite ends of the H-helix within the 
C-lobe.7 The kinase-deficient B-form splice variant of human 
JAK3 contains the equivalent of Cys1094 but lacks both the 
Cys1105 equivalent and the I-helix.22 No specific mechanistic 
role(s), other than maintaining structural and conformational 
integrity, has been proposed for these cysteine residues, yet 
this CPX

6
MX

2
CW motif appears in 54 protein-tyrosine 

kinases, with the less-constrained CX
9
C motif appearing in 70 

mammalian protein-tyrosine kinases. While the equivalent of 
rat JAK2 Cys1094 did not appear in 2 of the 22 Janus kinases 
examined, the equivalent of Cys1105 was completely conserved 
in this sample, including in the insect HOPs. Should these 
cysteine residues serve a specific functional role, it should be 
of broad significance; otherwise, it may simply be a cherished 
evolutionary heirloom.

Part II: The Complexity of Biological Permutations

The literal biochemical purity required for the elucidation 
of structures via X-ray crystallography cannot be found in 
the messy realm of biology. The elegantly simple canonical 
cytokine-receptor-JAK-STAT-SOCS pathway provides a clear 
path from extracellular signal to intracellular response, but 
such pristine orderliness only exists in review figures (Fig. 3). 
JAK-dependent cytokines and cytokine-like hormones such 
as prolactin23 and erythropoietin24 are notoriously pleiotropic, 
which is unsurprising in light of the myriad other signaling 
molecules which can cross-talk with their associated receptors, 
receptor variants, JAKs, STATs, and SOCS within any given 
cell type. In these canonical cytokine receptor pathways, JAK 
transitions from a basal to an active state upon cytokine-
stimulated autophosphorylation of tyrosine residues within its 

Figure 3. The canonical cytokine/JAK/STAT/SOCS pathway. The canonical cytokine/JAK/STAT/SOCS pathway is illustrated with the example of eryth-
ropoieitin/JAK2/STAT5/SOCS3. Canonical pathways stimulate cytokine and cytokine-like hormone receptor-dependent activation of tyrosine kinase 
activity in JAKs, resulting in an elevation of JAK activity state, phosphorylation of docking sites on the receptor, and the recruitment and tyrosine phos-
phorylation of STATs. Tyrosine-phosphorylated STATs oligomerize, translocate into the nucleus, and stimulate gene transcription. One of the transcribed 
genes encodes SOCS, which primarily provides negative feedback via inhibition of JAK’s action and initiating proteasomal degradation of the activated 
receptor complex; upon tyrosine phosphorylation it also promotes survival via the Ras pathway.126 Other tyrosine phosphorylation-dependent interac-
tions initially catalyzed by JAK, such as coupling the ePO receptor (ePOR) to the RAS/RAF/MeK/eRK pathway via GRB2/SOS, or coupling ePOR to the Pi3K/
AKT pathway, may not be considered by all authors to be part of the canonical pathway per se, yet they must be considered to understand the cytokine-
proximal events of cell biology.
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activation loop.25,26 JAKs also participate in a number of non-
canonical pathways, most notably certain G-protein-coupled 
receptor (GPCR) pathways.27,28 JAKs are but one part of a 
dynamically-interactive kinome which involves interconnected 
cell-dependent patterns of synergies, trans-phosphorylations, 
and/or trans-activations involving various protein kinases.29 This 
kinome network has various regulatory counterweights in protein 
tyrosine phosphatases, dual-specificity phosphatases and assorted 
post-translational modifiers. Were this not enough complexity to 
affect the net biological outcome of JAK-mediated signaling, one 
should consider that JAK (most notably JAK2) can occasionally 
be found in the cell nucleus.30 While JAK has low catalytic 
turnover rates, it promiscuously recognizes substrates,31-33 so 
there may be a host of substrates phosphorylated by nuclear JAK 
awaiting characterization.34 Finally, Janus kinases remain full of 
enzymatic surprises, ranging from unconventional responses to 
enzyme inhibitors35,36 to novel catalytic properties outside of the 
well-known JH1 catalytic domain37,38.

As stated above, the cellular redox state may regulate JAK 
directly via cysteines in the redox switch. Several of the PTKs 
capable of transphosphorylating and/or synergizing with 
JAK, such as Src,20,21 EGFR,39 or Fyn40 are directly affected by 
oxidants acting on regulatory cysteine residues. In some PTKs, 
most notably EGFR,39 a biphasic response to increasing amounts 
of oxidants has been observed, which might be explained by 
the presence of stimulatory and inhibitory cysteine residues 
within the same kinase. At any given cellular redox state, 
the regulatory cysteine residues of some proteins will be more 
prone to oxidation than others. However, the fundamental 
kinetic and thermodynamic parameters (such as pK

a
 values for 

regulatory cysteine residues and standard half-cell potentials for 
such cysteine/disulfide couples) which dictate this hierarchy are 
largely undefined for most PTKs. Tremendous progress made 
in computational modeling of the biochemistry of cysteine 
residues41 does not yet allow ranking of PTKs according to their 
individual reduced/oxidized equilibrium distributions at any 
given cellular redox state. Without further advances in both of 
these areas, one cannot predict which redox switches will be the 
first to be activated by mild oxidative stress, nor can one predict 
how mild oxidative stress will alter biological outcomes due to an 
ensemble of PTKs.

This argument also applies to the redox regulation of protein 
tyrosine phosphatases (PTPs). PTP1B,42 CD45,43 SHP-2,44 and 
other mammalian PTPs and dual-function phosphatases contain 
a conserved catalytic-site cysteine, and uniformly become 
inactivated when it becomes oxidized. Other post-translational 
modifications of this cysteine, such as S-nitrosylation or 
glutathionylation, potentially protect the phosphatase from 
oxidative inhibition. If the composition and abundance of 
phosphatases within a cell are such that dephosphorylation 
dominates the balance of phosphorylated-to-nonphosphorylated 
STATs, and those phosphatases possess a higher oxidation 
sensitivity than do the resident JAKs, then one would expect 
oxidative stress to result in a net increase in STAT phosphorylation. 
If the situation is reversed in a different cell type, then one 
would expect oxidative stress to result in a net decrease in STAT 

phosphorylation. Indeed, the Halvorsen lab has shown that 
oxidative stress caused by hydrogen peroxide treatment inhibited 
JAK-coupled STAT phosphorylation in neuronal cells, but had 
no effect or enhanced such STAT phosphorylation in non-
neuronal cells examined in the same report.45 Hydrogen peroxide 
significantly impaired the ability of either growth hormone or 
prolactin to stimulate STAT5 phosphorylation in pancreatic 
β-islet cells.8 In general, oxidative inhibition of JAK-mediated 
signaling has been observed when investigations focused on 
the ability of cytokines to evoke canonical JAK/STAT signals 
under oxidizing conditions, whereas the oxidative stimulation 
of JAK-mediated signaling was observed under more complex 
circumstances. Cell types in which the net canonical JAK/STAT 
outcome was inhibited by oxidative or nitrosative stress includes 
leptin- or CNTF-stimulated neuronal cells,45-48 IL-2- or IL-7-
stimulated T cells,49-51 LIF-stimulated cardiomyocytes,15,52 IFN-
α-stimulated hepatocellular carcinoma cells,16 IL-3-stimulated 
pro-B cells4 and GH- or PRL-stimulated pancreatic β-islet cells.8 
In contrast, cell types in which resting, growth-arrested, or non-
canonical JAK-associated outcomes were stimulated by oxidative 
stress include unsynchronized or growth-arrested fibroblasts,40,53 
quiescent vascular smooth muscle cells54 or aortic endothelial 
cells,55 and Ang II-stimulated aortic smooth muscle cells.56

Unlike the canonical JAK-STAT pathways, the Ang II/JAK2 
system found in vascular smooth muscle cells and glomerular 
mesangial cells has been associated consistently with enhanced 
JAK2 activity under oxidative stress. This non-canonical GPCR 
system stimulates JAK2,27 stimulates the intracellular production 
of ROS,57 is enhanced by hyperglycemia,58 and requires ancillary 
signaling components such as SHP-259 to couple extracellular Ang 
II stimulation to JAK2 activation. Unlike most canonical systems 
in which JAK2 activity transduced pro-survival, mitogenic, 
differentiation, or growth arrest outcomes, in the Ang II and/or 
hydrogen peroxide systems, JAK2 activity has been reported to 
induce apoptosis in endothelial cells,55,60 vascular smooth muscle 
cells,61 and cardiomyocytes.62

Because no group has yet identified a second regulatory switch 
in JAK2 which could account for an increase in activity upon 
oxidation, how can one explain the observed stimulatory effects 
of hydrogen peroxide and ROS on JAK2 activity in these non-
canonical systems? The loss of low molecular weight–protein 
tyrosine phosphatase (LMW-PTP) activity resulting from 
NADPH oxidase-catalyzed ROS generation appears to contribute 
to in the sustained JAK2 activity observed in pancreatic cancer 
cells.63 The loss of phosphatase counteraction partially explains 
the net increase in STAT phosphorylation in non-stimulated 
B cells treated with hydrogen peroxide.64,65 Yet phosphatase 
inhibition cannot logically account for the increased in vitro 
radiolabelling autokinase activity in immunoprecipitated JAK2 
isolated from fibroblasts following H

2
O

2
 exposure.53 Trans-

phosphorylating kinases, such as Fyn, might supplement the 
explanation, as evidenced by the stimulation of JAK2 by hydrogen 
peroxide in a Src-deficient cell, but not in a Fyn-deficient cell.40 
Yet Fyn activation was dependent upon JAK2 activity in the 
Ang II system66 in transfected COS-7 cells and vascular smooth 
muscle cells, while in the thymus of rodents Fyn transduced the 
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biological effects of leptin in a JAK2-independent manner,67 
despite leptin’s dependence upon JAK2 in most other cells. It has 
been proposed68 that in vascular smooth muscle cells the ROS-
mediated activation of JAK2 begins with the ROS activation 
of PKC-δ, which in turn activates PYK2 to transphosphorylate 
JAK2. Of course, one must be careful about assumptions 
surrounding in vivo and in situ PTK experiments, as illustrated 
by the demonstration that AG490 (originally developed as an 
EGFR kinase inhibitor,69 yet erroneously typecast as a “specific” 
JAK2 inhibitor) had unexpected antioxidant properties that were 
independent of JAK2; this was critical to the recognition that 
the induction of ROS and the activation of STAT1 were separate 
H

2
O

2
-stimulated events occurring in glial cells.70 One of the most 

important caveats about the interpretation of JAK2 inhibitor 
studies was the discovery that JAK2 inhibitors can lead to an 

increase of activation loop phosphorylation in a manner that is 
binding mode dependent.35 In the context of myeloproliferative 
disorders, chronic treatment of JAK2-dependent cells with 
JAK2 inhibitors, rather than eradicate the cells, can result in 
the formation of heterodimeric complexes with JAK1 or TYK2 
which transphosphorylate JAK2 and allow these cells to persist 
in the presence of type 1 JAK2 inhibitors.36 It appears that JAK2 
and hyperactive JAK2(V617F) induce ROS production in some 
cells,71 indicating the existence of a feedback model to explain the 
dynamic interactions of JAK2 and intracellular ROS. However, 
one must exercise caution in interpreting biological studies 
involving JAK2, where there is often more to the picture than 
originally meets the eye.

The complex portrait involving the many molecular 
partners known to interact with canonical and non-canonical 

Figure 4. Permutations of JAK signal transduction outcomes due to the complexity of redox-associated pathways within the cell. To illustrate the impor-
tance of cell-specific context in determining the net biological outcomes of redox-regulation of JAK-dependent signaling, this cartoon depicts a few of 
the redox-related pathways, biomolecules, and processes capable of interacting with JAKs. each of these components, such as protein tyrosine phos-
phatases (PTP, purple tetragons) and protein tyrosine kinases (yellow and orange rectangles) will be present in variable abundances from cell type to cell 
type, and their expression dynamically fluctuates in response to redox and non-redox regulation. Moreover, ROS is not generated uniformly throughout 
the cell, but is compartmentalized, such that their concentrations are gradients which can be transient or sustained according to the intensity and dura-
tion of their production. NADPH oxidases (NOX, gray pentagons) have specific subcellular localizations, as do thioredoxin reductases (TxR) and superox-
ide dismutases (SOD); cell-specific nitric oxide synthetases (NOS), glutathione reductase (GSR), and neighboring cells also affect the cellular redox state. 
Several of these redox regulators are in turn regulated by JAKs and other key signal transduction enzymes.
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JAK-STAT pathways makes it difficult to generate an accurate 
systems biology model of JAK-STAT signal transduction. 
In order to predict the outcome of oxidative stress on JAK-
mediated signal transduction in a given cell type, one must 
consider the intrinsic redox sensitivity of all JAK-associated 
macromolecules, as well as the effect of these macromolecules 
on the cellular generation of oxidants and antioxidants, along 
with the capacity and responsiveness of the cell’s autonomous 
antioxidant defense system (Fig. 4). In the absence of such an 
idealized computational model, researchers must continue to 
pay extremely close attention to specific experimental conditions 
to understand how ostensibly similar experiments can give rise 
to apparently conflicting results.

Part III: The Joy of Idle Speculation

Given the multitude of molecular determinants which 
complicate the role of redox regulation of JAK in cellular biology, 
modesty may be the best policy when making claims about the 
role(s) of redox regulation of JAKs in disease and in age-related 
health problems. Oxidants are key contributors to the free 
radical theory of aging,72,73 and oxidative stress is a pathogenic 
factor in a myriad of diseases, including cardiovascular diseases, 
type II diabetes, cancers, immunosuppressive diseases, asthma 
and neurodegenerative diseases. It would be disingenuous 
to claim that the redox regulation of JAKs is central to the 
pathogenic processes of all oxidant-associated diseases, yet 
naive to think it is relevant to none. Indeed, because the redox 
regulation of Janus kinases may be involved in so many disease 
pathologies, this sub-topic is more appropriate for a thorough 
review, and most diseases will be only briefly mentioned. For 
instance, the role of oxidative stress in cardiovascular disease74 
is a topic of vast importance, and the medical community 
continues to seek successful antioxidant therapies which remain 
elusive.75-77 To give justice to the redox regulation of JAK/STAT 
in cardiovascular medicine, the reader is referred to a more 
specialized review.78 Oxidative stress is also a major contributing 
factor to the cardiovascular and microvascular complications of 
type II diabetes mellitus (TTDM).79 Many of the prominent 
pathogenic processes of TTDM are intimately associated with 
both oxidative stress and JAK-dependent signal transduction, 
ranging from the failure of the pancreatic β islet cell80-85 to the 
development of diabetic nephropathy.86-88

Aging
Consistent with the free radical theory of aging, one might 

expect that the cumulative effect of oxidants on the JAK redox 
switch would impair the canonical response of cells to JAK-
associated cytokines, such as growth hormone and interleukins, 
and that this would contribute to loss of muscle mass, 
immunosenescence, and other aging-associated characteristics. 
For example, age-related decline in growth hormone receptor 
signal transduction has been demonstrated in mice,89,90 and this 
would be a predictable consequence of the oxidative inhibition 
of JAK2. The age-associated decline of the immune system is 
well-documented but poorly understood,91 and one should note 
that canonical JAK-STAT pathways are essential to the survival, 

expansion and function of many hematopoietic and immune cell 
types affected in age-associated immunosuppression.

Immunosuppressive diseases
JAKs, especially JAK3, are vital to the immune system,92 

where they are predominantly involved as intracellular mediators 
of signals from type I cytokines. Human inborn errors of the 
genes encoding several JAKs and STATs are often manifested in 
dysfunctional hematological and immunological phenotypes.93 
JAKs are now pharmacological targets of interest for allograft 
rejection prophylaxis, psoriasis, rheumatoid arthritis, and other 
disorders where immunosuppression is currently indicated.94 The 
immune system has an intimate and complex dependency upon 
redox biology, in which ROS and RNS serve important dual 
roles as intra-system signal mediators involved in tissue repair 
and as cytotoxic defense molecules against pathogens.95 While 
the immune system requires oxidative stress for functionality, 
uncontrolled and sustained oxidative stress is deleterious 
and leads to immunosuppression. This immunosuppression 
is manifested through the loss of functional T-cell subsets 
which show differential susceptibilities to oxidative stress, as 
illustrated by the ability of CD4−CD25bright Tregs to tolerate 
hydrogen peroxide levels lethal to CD4−CD25−/low T cells.96 
The impairment of normal JAK-coupled canonical signal 
transduction would be expected to occur under sustained and 
uncontrolled oxidative stress, and such molecular impairments 
would contribute to the cellular impairments observed in 
immunosuppression.

It is possible that the role of redox regulation of JAKs has been 
completely overlooked in AIDS, perhaps the most devastating 
immunosuppressive disease. The HIV-1-associated Tat enhances 
activation-induced cell death (AICD) in human T cells97 by 
increasing oxidative stress98 via increased H

2
O

2
 production,99 

which may arise from Tat’s ability to repress manganese 
superoxide dismutase.98,100 Interestingly, Tat does not typically 
repress superoxide dismutase, nor does it induce oxidative stress, 
nor does it induce AICD in chimpanzee T cells.101 Recently it has 
been shown that IL-7 responsiveness in T cells from HIV-infected 
individuals, including the IL-7-stimulated phosphorylation 
of STAT, is impaired due to increased oxidative stress.51 This 
observation would be consistent with the oxidative inhibition 
of JAK, essential to IL-7 signal transduction; this relationship 
between CD127 expression and IL-7 responsiveness in CD8+ T 
cells may be instructive given the fact that T-cell subsets have 
such variable abilities to tolerate oxidative stress.

It is also important to bear in mind that most laboratory 
studies of lymphocytes were performed on cells grown under 
non-physiologic, atmospheric oxygen concentrations which 
resulted in dramatic increases of the intracellular oxidative state 
as compared with lower physiological oxygen levels.102,103 The 
oxygen tension can dramatically affect IL-2-induced T-cell 
responses that are sometimes consistent with a simple oxidative 
inhibition of JAK104 and sometimes quite surprising.105 Given 
such evidence, existing assumptions about redox regulation 
and oxidative stress in lymphocytes, if not all mammalian cells, 
should be critically reassessed under more physiologically-relevant 
laboratory conditions.
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Cancer
The importance of constitutively-active STATs, especially 

STAT3,106,107 has been demonstrated in a remarkably broad range 
of cancers. Due to the prevalence of the JAK2(V617F) mutation 
in polycythemia vera, essential thrombocythemia, and primary 
myelofibrosis, systematic efforts quickly led to the development 
of JAK-targeted drugs,108,109 and JAK1/JAK2 are now targets of 
ruxolitinib, an FDA-approved drug for myelofibrosis.110 JAK-
targeted drugs are now being tested in clinical trials against a 
variety of cancers, including various hematological malignancies 
caused by JAK2 chimeric proteins arising from chromosomal 
rearrangements.111 From a medicinal chemistry perspective, the 
reactive cysteines of the redox switch may provide novel targets 
for drug designers now grappling with the problem of resistance 
to inhibitors which bind to the enzyme’s ATP binding site.11,112 
From a biological perspective, the relevance of redox regulation 
of JAKs to their roles in oncogenesis, cancer progression and 
the development of therapeutic resistance will have a significant 
influence on whether these drugs will succeed in clinical 
applications. Redox modulators play multiple roles in cancer, 
just as they play both positive and negative roles in the immune 
system. Oxidative stress is a major factor in cancer biology.113 
Many cancer chemotherapeutic agents generate ROS as a part 
of their mechanisms of action,114 and similarly, the oxygen effect 
of radiation therapy depends upon the generation of ROS which 
increase the efficacy of DNA strand breakage.115 Thus it is not 
a complete surprise that many cancer cells become resistant to 
chemotherapy and radiotherapy by upregulating antioxidant 
defense molecules, and resistance has been linked to increased 
thioredoxin/thioredoxin reductase in multiple cancers.116,117 JAKs 
have also been associated with therapeutic resistance,118 and the 
JAK-associated STAT1 gene expression signature has emerged as 
a hallmark of many radioresistant tumors.119,120 One of the major 
hypotheses of cancer biology contends that chemoresistant and 
radioresistant cancers emerge from “stem-like” sub-populations 
of a tumor. Indeed, the aggressive and stem-like “triple-negative” 
breast cancer phenotype has an IL-6/JAK2/STAT3 gene expression 
profile.121 If it is true that the behavior of JAKs in cancer are related 
to their roles in maintaining “stemness”,122,123 then the questions 
surrounding the relevance of redox regulation of JAK suddenly 
become quite pressing, because the importance of low oxygen 
tension in the stem cell niche is of undisputed importance.124

Closing Comments

The preceding speculation concerning the role of redox 
regulation of JAKs in cancer stem cells brings this review to 
an appropriate end. Are there fundamental differences in the 
biological outcomes of oxidative stress upon JAK-associated 
signals, be they canonical or non-canonical, in the context of 
stem-like vs. fully differentiated cells and tissues? If so, then 
considerably more research will be required to fully understand 
the redox regulation of Janus kinases. Some cell lines more closely 
resemble stem-like cells than do others, but the vast majority of 
them are cultured under conditions that resemble neither stem 
cell niches nor the typical physiological oxygen environment. 
And while stem cells have a prominent, if not controversial, 
role in normal biology and pathobiology, most in vivo tissue 
biology experiments focus on bulk cellular responses of fully-
differentiated cells unless experiments are intentionally designed 
otherwise. This review has answered only a few questions with 
reasonable certainty. Is there a molecular basis for the direct 
redox regulation of JAK2? This answer is “yes”. One hopes that 
this review will inspire more JAK-STAT researchers to carefully 
reconsider their experimental designs in the context of the redox 
environment and the many parameters which affect it. There 
is an elephant in the room, and it is raising many tantalizing 
questions just waiting to be answered.
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