
Accepted Manuscript

Title: Linking energy sensing to suppression of JAK-STAT
signalling: a potential route for repurposing AMPK activators?

Authors: Claire Speirs, Jamie J.L. Williams, Kirsten Riches,
Ian P. Salt, Timothy M. Palmer

PII: S1043-6618(17)30849-6
DOI: https://doi.org/10.1016/j.phrs.2017.10.001
Reference: YPHRS 3701

To appear in: Pharmacological Research

Received date: 11-7-2017
Revised date: 12-9-2017
Accepted date: 12-10-2017

Please cite this article as: Speirs Claire, Williams Jamie JL, Riches Kirsten, Salt
Ian P, Palmer Timothy M.Linking energy sensing to suppression of JAK-STAT
signalling: a potential route for repurposing AMPK activators?.Pharmacological
Research https://doi.org/10.1016/j.phrs.2017.10.001

This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.

© 2018. This manuscript version is made available under the CC-BY-NC-ND 4.0 license 
http://creativecommons.org/licenses/by-nc-nd/4.0/

https://doi.org/10.1016/j.phrs.2017.10.001
https://doi.org/10.1016/j.phrs.2017.10.001


1 
 

Linking energy sensing to suppression of JAK-STAT signalling: a potential route for 

repurposing AMPK activators? 

 

Claire Speirs1, Jamie J.L. Williams2, Kirsten Riches3, Ian P. Salt1, Timothy M. 

Palmer2* 

 

1Institute of Cardiovascular and Medical Sciences, 

College of Medical, Veterinary and Life Sciences, 

University of Glasgow, Glasgow G12 8QQ, UK 

 

2School of Pharmacy and Medical Sciences, 

3School of Chemistry and Biosciences, 

University of Bradford, Bradford BD7 1DP, UK 

 

*Corresponding author, Email: T.Palmer1@bradford.ac.uk 

 

Graphical abstract 

 

 

ABSTRACT 

Exaggerated Janus kinase-signal transducer and activator of transcription (JAK-

STAT) signalling is key to the pathogenesis of pro-inflammatory disorders, such as 

rheumatoid arthritis and cardiovascular diseases. Mutational activation of JAKs is 
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also responsible for several haematological malignancies, including 

myeloproliferative neoplasms and acute lymphoblastic leukaemia. Accumulating 

evidence links adenosine 5′-monophosphate (AMP)–activated protein kinase 

(AMPK), an energy sensor and regulator of organismal and cellular metabolism, with 

the suppression of immune and inflammatory processes. Recent studies have shown 

that activation of AMPK can limit JAK-STAT-dependent signalling pathways via 

several mechanisms. These novel findings support AMPK activation as a strategy for 

management of an array of disorders characterised by hyper-activation of the JAK-

STAT pathway. This review discusses the pivotal role of JAK-STAT signalling in a 

range of disorders and how both established clinically used and novel AMPK 

activators might be used to treat these conditions. 

 

Keywords: AMP-activated protein kinase; Janus kinase; rheumatoid arthritis; 

myeloproliferative neoplasms; lymphoma 
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1. INTRODUCTION  

The JAK1-STAT pathway is activated by a range of cytokines, such as interferons, IL-

2, and IL-6, which control survival, proliferation and differentiation in a range of 

                                                            
1JAK, Janus kinase. STAT, signal transducer and activator of transcription. IL, interleukin. RA, rheumatoid arthritis. 
CVD, cardiovascular disease. AMPK, AMP-activated protein kinase. IL-6R, IL-6 receptor. sIL-6Rα, soluble IL-6Rα. 
Tyk2, Tyr kinase 2. MCP-1, monocyte chemoattractant protein 1. ERK1/2, extracellular signal–regulated kinase 
1/2. PI3K, phosphatidylinositol 3-kinase. YAP, YES-associated protein. JH, JAK-homology. SH2, Src homology 2. 
FERM, N-terminal 4.1, ezrin, radixin, moesin. PK, pseudokinase. ALL, acute lymphoblastic leukaemia. MPN, 
myeloproliferative neoplasm. WT, wild type. LKB1, liver kinase B1. AICAR, 5-aminoimidazole-4-carboxamide 
riboside. MKP-1, mitogen-activated protein kinase phosphatase-1. SMCs, smooth muscle cells. mTOR, 
mammalian target of rapamycin. TSC2, tuberous sclerosis complex 2. NOTCH1, notch homolog protein 1. 
CDKN2A/B, cyclin-dependent kinase Inhibitor 2A/B. FBXW7, F-box and WD repeat domain containing 7. PHF6, 
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diverse cell types. Uncontrolled JAK-STAT signalling is not only a crucial driver of 

chronic inflammatory diseases such as rheumatoid arthritis (RA) and cardiovascular 

diseases (CVDs) but also several haematological disorders [1–3]. 

AMP-activated protein kinase (AMPK) is a Ser/Thr kinase that regulates cellular and 

organismal metabolism by sensing increases in the intracellular ratio of AMP to ATP 

following nutrient deficiency or hypoxia [4]. An increasing body of evidence has 

linked AMPK activation with the control of inflammation and immunity via a variety of 

mechanisms [4–6]. This novel finding provides a foundation for the evaluation and 

repurposing of well-tolerated, clinically available drugs, such as the anti-

hyperglycaemic drug and AMPK activator metformin, for the treatment of a range of 

JAK-dependent disorders. Further insights into the novel inhibitory mechanism of 

AMPK might also provide a basis for the development of a new generation of 

selective JAK inhibitors.  

Clinically available drugs can have positive effects beyond their intended targets e.g. 

statins, inhibitors of cholesterol production, also show anti-inflammatory effects which 

are beneficial for the treatment of CVDs [7]. The discovery of novel regulatory 

mechanisms important in disease and the positive secondary effects of existing 

drugs enables drug repurposing and thus expansion of available therapeutic options. 

Given the cost and time required to develop new drugs and test the efficacy and 

safety in clinical trials, re-purposing is advantageous as it increases the speed to 

clinic and availability of drugs while eliminating unknown variables in dosing and 

adverse drug reactions [8,9]. 

This review discusses the pivotal role of JAK-STAT signalling in inflammatory and 

myeloproliferative disorders and provides a molecular rationale for an additional way 

to manage such conditions via repurposing of clinically available AMPK activators. 

 

2. IL-6-DEPENDENT JAK-STAT SIGNALLING 

IL-6 does not signal directly but first forms a dimer with IL-6Rα (CD126) prior to 

binding its cognate receptor gp130.  While gp130 is ubiquitously and constitutively 

                                                            
PHD finger protein 6. ECs, endothelial cells. HUVECs, human umbilical vein ECs. IFN, interferon. IFNAR, IFN/ 
receptor. ULK1, Unc-51–like autophagy-activating kinase. HSCT, haematopoietic stem cell transplant. mAbs, 
monoclonal antibodies. FLT3, FMS-like tyrosine kinase 3. PV, polycythaemia vera. ET, essential 
thrombocythemia. PMF, primary myelofibrosis. ACPA, anti-citrullinated protein antibodies. Th, T helper. Treg, 
regulatory T cell. DMARDS, disease modifying anti-rheumatic drugs. TNF, tumour necrosis factor. GLINT, glucose 
lowering in non-diabetic hyperglycaemia trial. CRLF, cytokine-receptor like factor 2.  
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expressed, membrane bound IL-6R is restricted to hepatocytes, leukocytes, and 

lymphocytes. However, soluble IL-6R (sIL-6R) is produced during inflammation 

thus increasing the repertoire of IL-6-responsive cells [10,11]. Signalling via 

membrane bound IL-6R is called ‘classical signalling’ while that via sIL-6R is 

referred to as ‘trans-signalling’ with the latter being predominant in disease-related 

pro-inflammatory responses. Gp130 has no intrinsic kinase activity but is 

constitutively associated with JAK family tyrosine (Tyr) kinases. JAKs comprise a 

family of four cytoplasmic tyrosine kinases (JAK1-3, and Tyk2). However gp130 only 

associates with JAK1-2 and Tyk2, while type I cytokine receptors for IL-2 and related 

cytokines use the common gamma chain (c) to associate with JAK3 and signal 

downstream [12]. Cytokine-receptor ligation precedes trans-phosphorylation and 

activation of JAKs, which Tyr phosphorylate gp130 on specific Tyr residues to 

generate docking sites for SH2-domain-containing STAT proteins. Receptor-bound 

STATs are then Tyr-phosphorylated by JAKs within their SH2 domains (Tyr701 on 

STAT1, Tyr705 on STAT3) prior to dissociation from the receptor and formation of 

homo- or heterodimers, or tetramers. Following nuclear translocation and binding to 

target gene promoters, STATs drive transcription of target genes, which include pro-

angiogenic vascular endothelial growth factor, intracellular adhesion molecule 1, 

monocyte chemoattractant protein 1 (MCP-1), and matrix metalloproteases 2 and 9 

[12]. IL-6 also activates extracellular signal–regulated kinase (ERK)1/2 and 

phosphatidylinositol 3-kinase (PI3K) pathways following recruitment of SH2-

containing protein Tyr phosphatase 2 to JAK-phosphorylated gp130 and ERK1/2-

mediated phosphorylation and activation of Gab1. Finally, gp130 has also been 

shown to couple directly with Src family Tyr kinases to trigger activation of 

transcriptional co-activator YAP (YES- associated protein) (reviewed in [12]). 

 

3. JAK STRUCTURE AND ACTIVATION 

JAKs share a common domain structure (Figure 1) consisting of seven JAK-

homology (JH) domains (JH1, kinase domain; JH2, pseudokinase domain, JH3-5, 

Src homology 2 (SH2) domain, and JH5-7, N-terminal 4.1, ezrin, radixin, moesin 

(FERM) domain). While FERM and SH2 domains regulate binding to the box1/2 

region of cytokine receptors, the so-called “pseudokinase” (PK) domain regulates 

kinase activity by binding the JH1 kinase domain. Specific events of JAK activation 
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remain unclear, however, cytokine-receptor ligation is thought to cause repositioning 

or reorientation of the JAK-receptor complexes, bringing JAKs into close proximity, 

leading to trans-phosphorylation of the activation loop within the JH1 kinase domain. 

Several distinct mechanisms have been proposed for JAK activation but in addition, 

unique receptor structures are also thought to enforce specific JAK orientations that 

might drive different modes of regulation [13]. This could be one mechanism that 

leads to preferential assembly of specific receptor-JAK complexes, thus fine tuning 

downstream signalling [14]. With such variations, specific targeting of distinct 

receptor-JAK complexes may represent an alternative approach to developing new 

therapeutics targeting this pathway in disease states [13]. 

Activating mutations are frequently found within the regulatory PK domain including 

JAK1V658F and JAK2V617F, which are associated with acute lymphoblastic leukaemia 

(ALL) and myeloproliferative neoplasms (MPNs) respectively. Receptor association 

is essential for sustained JAK activation suggesting the JAK-receptor interaction as a 

possible drug target [15]. Both phenylalanine mutations cause rearrangements within 

a highly conserved Phe-Phe-Val triad [16], leading to rearrangement and stabilisation 

of distinct structures within the PK domain, including the C helix and SH2-PK linker 

regions [17]. Conformational changes break the JH1-JH2 interaction, relieving auto-

inhibition and causing an elevation in catalytic activity [13]. A similar process of 

rearrangement and activation is thought to occur in WT JAKs upon cytokine receptor 

stimulation [16]. The JAK2 PK domain has been shown to have weak catalytic 

activity, allowing inhibitory autophosphorylation of Ser523 and Tyr570 residues which 

stabilises the JH1-JH2 interaction [18]. The JAK2V617F mutation is thought to promote 

JAK2 activation in part by preventing PK catalytic activity [16]. JAK kinase activity is 

further regulated by phosphorylation of Tyr221 which increases activity [19]. 

Interestingly, disrupting PK ATP binding reduces JAK2V617F activity while leaving WT 

JAK2 unaffected [20]. 

In summary, it is now clear that JAKs offer several sites that could be targeted by 

small molecules, including the JH1 and JH2 domains, ATP binding and regulatory 

phosphorylation sites, as well as FERM-SH2/receptor interaction sites. Furthermore, 

variations in receptor-JAK interactions and distinct regulatory modes of individual 

JAK isoforms may enable highly specific targeting of dysfunctional pathways and 

therefore reduce adverse off-target effects. 
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4. CURRENT THERAPEUTIC STRATEGIES TARGETING THE JAK-STAT 

PATHWAY 

Several agents have been developed that target the JAK-STAT pathway at multiple 

levels. In the case of IL-6 signalling, the monoclonal anti-IL-6 antibody siltuximab 

[21], and the humanised anti-IL-6R antibody tocilizumab [22] have been approved for 

clinical use. Anti-IL-6 therapies have been approved for Castleman disease [23], a 

benign lymphoproliferative disorder, and RA [24]. However, single cytokine-targeting 

therapies only partially limit a disease phenotype and become less effective over 

time due to immunogenicity [25]. In other disorders such as multiple myeloma, 

targeting IL-6 alone has only limited benefit, potentially due to reliance on a range of 

other growth factors including IL-6-family cytokines which also signal via the signal 

transducing gp130 receptor. Also, while inhibitors of STATs, which mediate many of 

IL-6’s intracellular effects, have also been developed, they have only shown limited 

effects [26]. As such, current focus has been on the development of JAK inhibitors or 

“Jakinibs”.  

First generation Jakinibs such as tofacitinib (CP-690,550) are pan-JAK inhibitors 

which act as competitive inhibitors of the ATP-binding site in the JH1 domains 

conserved amongst all 4 JAK isoforms (JAK1-3, Tyk2: Figure 1). However, inhibition 

of all JAK isoforms will inhibit the action of multiple cytokines, which when coupled 

with possible off-target effects, can result in unwanted adverse reactions including 

disrupted haematopoiesis, innate and adaptive host defence responses. Future 

development of second generation Jakinibs, which target less conserved regions of 

JAKs, is aimed at producing more selective drugs with less side effects, although 

these may display reduced efficacies versus less selective inhibitors (reviewed by 

Banerjee et al. [25]). It will be beneficial to specifically target mutated JAKs since 

simultaneous inhibition of wild type JAKs can have negative effects. A recent finding 

that disrupting JAK PK domain ATP binding reduces JAK2V617F activity leaving WT 

JAK2 unaffected has led to the identification of PK domain small molecule binders 

which might lead to the development of a range of novel JAK inhibitors [27]. 

Research in Jakinib development is progressing with a number of drugs entering 

clinical trials [26]. However, there is still a need for therapeutics that are efficacious 

but with minimal side effects. The discovery of unappreciated targets of clinically-

available drugs and important regulatory cellular molecules has accelerated drug 

repurposing efforts. Repurposing offers the possibility of speedy transition through 
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clinical trials with the advantages of having known tolerable dosages and 

manageable side effects. Here, we discuss current understanding of AMPK and the 

possibilities of repurposing AMPK activators for the treatment of inflammatory and 

myeloproliferative disorders. 

 

5. AMP-ACTIVATED PROTEIN KINASE (AMPK) 

AMPK activation following cellular stress, such as nutrient deficiency and hypoxia, 

triggers a switch in metabolism from ATP consumption to ATP generation in order to 

maintain energy homeostasis. AMPK is a heterotrimeric complex consisting of a 

catalytic  subunit and regulatory  and  subunits. In mammals, seven genes 

encode two  (1-2), two  (1-2), and three  (1-3) subunit isoforms. The subunits 

of the 111 complex are ubiquitously expressed and most intensively studied. 

Other subunit isoforms show tissue specific expression patterns, while variations in 

subcellular location have also been reported [28–31]. It is likely that tissue specific 

expression of distinct subunit isoforms will be important for therapeutically targeting 

specific disorders through AMPK activation [32–34].  

AMPK is activated by allosteric binding of AMP/ADP to the  regulatory subunit and 

Thr172 phosphorylation of catalytic 1 and 2 subunits by the upstream Ser/Thr 

Kinase liver kinase B1 (LKB1). Binding of AMP also inhibits Thr172 de-

phosphorylation by protein phosphatase PP2A. However, AMPK can also be 

activated by Thr172 phosphorylation alone independent of changes in cellular ATP 

and AMP levels via calcium/calmodulin-dependent protein kinase kinase  following 

elevation of intracellular Ca2+ levels. Phosphorylation of the catalytic α subunit and 

thus full AMPK activation is also dependent on N-terminal myristoylation of the  

subunit, which interacts with both  and  subunits [35]. 

Several direct and indirect activators of AMPK (reviewed by Kim et al [36]) have been 

identified, including aminoimidazole-4-carboxamide riboside (AICAR), metformin, 

salicylate, and A769662. AICAR is metabolised to AICAR monophosphate (ZMP) 

which directly activates AMPK by mimicking AMP-dependent activation by binding  

subunits. A769662 is selective for 1 subunit-containing complexes and similar to 

AMP, allosterically activates and inhibits Thr172 de-phosphorylation, however, it 

employs a different mechanism in which Thr172 phosphorylation is not required 

[37,38]. Aspirin, the pro-drug of salicylate, is structurally similar to A769662 and 
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activates 1 subunit-containing complexes in a similar manner, although salicylate 

binds at an overlapping allosteric binding site and can thus antagonise activation by 

A769662 [39]. Metformin, a clinically available anti-hyperglycaemic drug used to 

manage type 2 diabetes mellitus (T2DM), indirectly activates AMPK by depleting 

ATP via inhibition of complex I of the mitochondrial respiratory chain [40], and 

mitochondrial glycerophosphate dehydrogenase [41] as well as an Axin-dependent 

lysosomal pathway [42]. However, many AMPK activators lack specificity and 

therefore it is necessary to differentiate between their AMPK-dependent and -

independent effects  [37,38,43–45]. 

 

6. AMPK LINKS METABOLISM AND INFLAMMATION 

AMPK is a crucial regulator of energy metabolism, however its anti-inflammatory 

effects have been reported in several human cell types and multiple animal models 

of disease [46–49]. For example, prolonged STAT1 activation leads to accelerated 

neo-intimal formation and atherosclerosis while AMPK2 knockout mice have an 

enhanced STAT1-dependent inflammatory response. Pharmacological or genetic 

activation of AMPK, or treatment with the STAT1 inhibitor fludarabine reversed the 

response suggesting that AMPK is potentially protective against vascular 

inflammation and atherosclerosis [50]. The available literature suggests that AMPK 

inhibits multiple signalling pathways to mediate its anti-inflammatory effects [4]; these 

include inhibition of NF-B signalling [51–53] and multiple mitogen-activated protein 

kinase pathways [54], and reducing reactive oxygen species production [54]. 

Other groups, including our own, have reported AMPK-dependent inhibition of JAK-

STAT signalling [49,50,55–57]. Potential mechanisms for the observed AMPK-

mediated suppression of IL-6 responses include the induction of orphan nuclear 

receptor small heterodimer partner (SHP) [57]. Long-term metformin treatment of 

primary rat hepatocytes was found to trigger an AMPK-dependent accumulation of 

SHP, which co-localised with STAT3 in the nucleus to reduce DNA binding and 

inhibit expression of pro-inflammatory genes including suppressor of cytokine 

signalling 3, serum amyloid A, IL-6, and tumour necrosis factor (TNF) α [57]. In 

contrast, others have shown in HepG2 human hepatoma cells that chronic AICAR-

mediated AMPK activation inhibits IL-6 signalling by suppressing JAK1/JAK2 tyrosine 

phosphorylation and activation, although the mechanism responsible was not 
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investigated [49,55].  In addition, AMPK-dependent induction of mitogen-activated 

protein kinase phosphatase-1 (MKP-1), a Thr/Tyr dual specificity protein 

phosphatase, has been proposed to inhibit STAT1 activation in human aortic smooth 

muscle cells (SMCs) [50]. MKP-1 has previously been reported to specifically target 

Ang-II-activated STAT1 whilst leaving STAT3 unaffected [58,59]. AMPK also reduced 

Ang-II induction of STAT1 target genes including MCP-1 in addition to STAT1-

dependent vascular inflammation in vivo. Another mechanism by which AMPK could 

potentially inhibit JAK-STAT signalling is through its well-characterised suppression 

of the mammalian target of rapamycin (mTOR) pathway through direct 

phosphorylation and inhibition of Raptor and activation of the Rheb GTPase-

activating protein tuberous sclerosis complex 2 (TSC2) [60,61]. However despite 

reports demonstrating that inhibition of mTOR signalling suppresses JAK-STAT 

activation [62,63], the molecular mechanisms responsible for this phenomenon 

remain unknown. 

Using human umbilical vein ECs (HUVECs) as a model system, we showed that a 

panel of AMPK activators, including A769662, AICAR and a combination of 

metformin with salicylate, rapidly inhibited STAT3 activation by a sIL-6Rα/IL-6 trans-

signalling complex [64]. We have reported a similar rapid inhibition of sIL-6Rα/IL-6-

stimulated STAT3 phosphorylation by A769662 in 3T3-L1 adipocytes [65]. We also 

demonstrated that the inhibitory effect of AMPK by A769662 was observed on both 

STAT1 and STAT3 phosphorylation in response to oncostatin M and leukaemia 

inhibitory factor, both of which also utilise gp130 to signal downstream [64]. 

Importantly, the effect of AMPK was not restricted to cytokines utilising gp130, as 

STAT1 phosphorylation in response to interferon  (IFN) was also inhibited, 

suggesting that AMPK was acting at a common post-receptor locus to mediate its 

effects [64]. JAK1 is immediately downstream of both gp130 and the IFN receptor 

(IFNAR)1/IFNAR2 complex responsible for IFN signalling, and activation of AMPK 

resulted in a phosphorylation of JAK1 on Ser515 and/or Ser518 responsible for rapid 

inhibition of JAK-STAT signalling [64]. Importantly, AMPK was also able to inhibit 

constitutive signalling from oncogenic JAK1V658F prevalent in ALL [64]. In terms of the 

mechanism, AMPK-mediated JAK1 phosphorylation on Ser515 and/or Ser518 

supresses downstream signalling either directly or indirectly by promoting binding to 

14-3-3 proteins, which regulate target protein function by disrupting protein-protein 
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interactions that induce changes in activity or subcellular localisation [66]. Several 

AMPK substrates, including B-Raf, Unc-51–like autophagy-activating kinase (ULK1) 

and Raptor, have been shown to bind 14-3-3 proteins following AMPK-dependent 

phosphorylation [60,67,68]. We have identified JAK1 as a similarly regulated AMPK 

substrate since pharmacological activation of AMPK promoted 14-3-3 binding to 

JAK1 via a mechanism requiring phosphorylation of Ser515 and Ser518  [64]. However 

the functional importance of 14-3-3/JAK1 interaction in intact cells remains to be 

tested. 

In summary, the existence of several inhibitory mechanisms by which AMPK can 

suppress JAK-STAT signalling mirrors the multifaceted impact of AMPK on the 

mTOR signalling pathway, which it inhibits through direct phosphorylation of TSC2 on 

Ser1387 and Raptor on Ser722 and Ser792 [60,61,69] (Figure 2A). These observations 

suggest that, like the mTOR pathway, AMPK-mediated regulation of JAK-STAT 

signalling has also evolved such that multiple mechanisms and targets are used to 

limit its activation. 

 

7. REPURPOSING OF AMPK ACTIVATORS  

AMPK is a critical global regulator of stress including nutrient deficiency, hypoxia, 

and inflammation. This provides a strong rationale for both the development of novel 

AMPK agonists and the repurposing of those already used in the clinic. Here we 

provide a molecular rationale to support the application of AMPK activation as a 

therapeutic strategy for management of conditions resulting from hyperactivation of 

the JAK-STAT pathway, such as ALL, MPNs and RA. 

7.1 ACUTE LYMPHOBLASTIC LEUKAEMIA (ALL) 

ALL is an aggressive haematological malignancy affecting all age groups but 

primarily associated with young children, making it a particularly distressing disease. 

ALL is the most common paediatric cancer, accounting for 26% of all cancer cases in 

children [70]. While ALL can occur in adults, the patients age and ethnicity are 

important factors for prognosis; male, Hispanic children statistically have the most 

aggressive forms of ALL [70].  

ALL is characterised by the accumulation of lymphoblasts arrested at specific stages 

of differentiation caused by the transformation of B/T cell progenitors. Initiating 

mutations in regulators of differentiation are subsequently perpetuated by activating 
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and inactivating mutations in pathways that drive proliferation/survival and tumour 

suppression respectively [71].  Classified into B-cell ALL (B-ALL), T-cell ALL (T-ALL), 

and Natural Killer ALL (NK-ALL), T-ALL is the more clinically aggressive. However, 

T-ALL is less common accounting for approximately 15% of paediatric ALL cases, 

NK-ALL is rare at 3% while the rest consists of B-ALL [70,72,73]. ALL classes are 

each split into primary genetic subtypes: for T-ALL, these are defined by mutations in 

signalling protein neurogenic locus notch homolog protein 1 (NOTCH1), cell cycle 

regulator cyclin-dependent kinase inhibitor 2A/B (CDKN2A/B), E3 ubiquitin ligase 

component F-box and WD repeat domain containing 7 (FBXW7) and PHD finger 

protein 6 (PHF6), which has no known function [74]. Further secondary genetic 

mutations are also common such as those within the JAK-STAT pathway. Multiple 

activating mutations of JAKs, such as the constitutively active JAK1V658F and 

JAK2V617F which drive cell proliferation and survival [70], are associated with ALL 

while enhanced activation of JAK-STAT signalling is detected in 3-10% of all patients 

with all T-cell malignancies (reviewed by Waldmann and Chen [75]). Therefore at 

least some of these patients may benefit from therapeutic approaches that limit JAK-

STAT signalling. 

Chemotherapy is the first line treatment for ALL, involving delivery of an intensive 

combination of cytotoxic compounds. However, treatment often induces long-term 

adverse effects which either impair vital physiological functions or induce further 

complications, including secondary tumours and pulmonary and cardiovascular 

disorders [70,76]. 20-25% of children with T-ALL experience relapse and are often 

resistant to further chemotherapy; the outcome at this point being much worse [77]. 

Survival rates in paediatric ALL have improved dramatically in the last 50 years 

(currently 85–90%) following advances in genetic subtyping and personalised 

treatment regimens [78,79]. Allogeneic haematopoietic stem cell transplant (HSCT) 

therapy has been used to treat high risk patients following relapse. However, HSCT 

is associated with high risks of treatment failure and treatment-related mortality 

[70,80]. High risk patients are often treated with local or whole body radiotherapy 

which require antibiotics to prevent infection while other complications such as 

anaemia and risk of bleeding are treated with blood transfusions and platelet 

transfusions respectively [73]. 

Additional therapies are being developed with varying degrees of success [81,82]. 

These include targeting cell surface receptors overexpressed on T/B cells using 
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monoclonal antibodies (mAbs). Several cell surface antigens are common to  

precursor B-ALL (CD10, CD19, CD34) and T-ALL (CD2, CD3, CD7) cells [73]. 

Monoclonal antibodies are currently available which target CD20 specifically 

(rituximab) and both CD3 and CD19 simultaneously (the bispecific antibody 

blinatumomab) to induce complement activation, antibody-dependent cellular 

cytotoxicity and apoptosis [82]. Tyrosine kinases which drive survival and 

proliferation, such as BCR-ABL and FMS-like tyrosine kinase 3 (FLT3), are 

frequently overexpressed in leukaemic cells and have been targeted with tyrosine 

kinase inhibitors [70]. Multiple clinical trials are ongoing to investigate other novel 

agents including the use inhibitors towards the 26S proteasome, histone 

deacetylases [83], DNA methyltransferases [84], mTOR [85] and others [81,82] for 

use as either single or combination therapies. 

It is apparent that new strategies are required which overcome the long-term side 

effects, relapse, and resistance associated with chemotherapies. One option is to 

specifically target aberrantly activated signalling pathways which drive proliferation 

and survival of cells. Aberrant JAK-STAT signalling is implicated in ALL pathogenesis 

[75]. Targeting the JAK-STAT pathway has shown positive effects on the disease 

phenotype [86] while activating mutations of JAK1 are frequently associated with 

cases of ALL [87–90]. The JAK1V658F mutation identified in T-ALL patients [90–92] 

drives the ligand-independent activation of STATs [93,94] and its expression can 

induce transformation of Ba/F3 pro-B cells [87,89,95]. Subtypes of leukaemia have 

also been reported with hyperactive JAK-STAT signalling in the absence of activating 

mutations [86]. As such, both WT and constitutively activate JAK mutants are an 

attractive therapeutic target for treating ALL. 

We have demonstrated that AMPK can block JAK-STAT signalling via inhibition of 

WT and constitutively active JAK1V658F via a mechanism that requires JAK1 

phosphorylation on Ser515/518 [64]. Thus inhibition of JAK-dependent ALL via AMPK 

activators might have positive effects on haemostasis. Furthermore, inhibiting JAK-

STAT signalling might limit secondary side effects produced following current 

treatments regimens such as cardiovascular and pulmonary disorders. Therefore, 

this provides a basis for the evaluation and repurposing of clinically utilised AMP-

activating drugs, such as metformin and thiazolidinediones, as potential treatment 

options for ALL associated with constitutive JAK1 signalling. In support of this, 

metformin has previously been investigated as a candidate to target T-ALL through 
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AMPK-mediated inhibition of the PI3K/mTOR pathway, which is hyper-activated in 

approximately 85% of T-ALL cases [96]. Grimaldi et al. demonstrated that metformin-

activated AMPK inhibited mTOR and induced apoptotic cell death [96–99]. Thus 

AMPK activators might be effective in treating both JAK-STAT and PI3K/mTOR-

dependent aspects of T-ALL cell dysfunction. To examine this, a clinical trial is 

currently on-going investigating the treatment of relapsed ALL with a combination of 

metformin and chemotherapy [96] (trial identifier:NCT01324180). 

 

7.2 MYELOPROLIFERATIVE NEOPLASMS (MPNS) 

Myeloproliferative neoplasms are a group of three haematological malignancies, 

termed polycythaemia vera (PV), essential thrombocythemia (ET) and primary 

myelofibrosis (PMF), which are characterised by uncontrolled proliferation of 

CD34+CD38- haematopoietic stem/progenitor cells. An acquired JAK2V617F mutation 

analogous to T-ALL-associated JAK1V658F results in unregulated cytokine-

independent JAK2 activation and is frequently detected in PV (>95% of cases), ET 

(∼50%), and PMF (∼50%) [100–102]. 

Thrombohaemorrhagic events and disease transformation into acute myeloid 

leukaemia (AML) are complications and main causes of morbidity and mortality in PV 

and ET [103]. It is not known how these complications arise and current treatments 

are limited to phlebotomy (PV patients only), low dose aspirin anti-platelet therapy (to 

reduce risk of thrombosis), and cytoreduction with hydroxyurea, anagrelide, IFNα, 

and alkylating agents such as busulfan [104]. A subpopulation of MPN patients have 

been found to express JAK2V617F in endothelial cells suggesting a further cellular 

target for MPN therapies [105]. Moreover, Etheridge et al. [106] found that mice 

engineered to express JAK2V617F in either ECs, haematopoietic cells or both cellular 

compartments developed an MPN phenotype with attenuated thrombosis following 

injury. It is thought that JAK2V617F contributes to the bleeding phenotype in part via 

the inhibition of function or secretion of the pro-thrombotic molecule von Willebrand 

factor, and reduced levels of agglutination. Together, these data suggest that 

targeting JAK-STAT signalling in both cellular compartments might be effective for 

the treatment of JAK2V617F-positive MPNs. Ruxolitinib, a dual JAK1/2 inhibitor, is 

approved for the treatment of intermediate/high-risk PMF and successful clinical trials 

have been carried out on JAK2V617F-positive individuals who were unresponsive to 

other treatments [104]. However, reductions in disease phenotype were frequently 
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accompanied by haematological side effects such as thrombocytopenia and anaemia 

as well as other non-haematological events including diarrhoea and pyrexia. 

Kawashima and Kirito [103] have reported that metformin treatment of JAK2V617F-

positive MPN cell lines induced AMPK activation, leading to decreased levels of 

STAT5 phosphorylation and induction of apoptotic cell death. Furthermore, alignment 

of the primary sequences of JAK family members (Figure 2B) reveals conservation of 

the SH2 domain–localised AMPK phosphorylation sites we identified on JAK1 [107]. 

Together, these findings suggest that AMPK might also inhibit a range of 

constitutively active JAK mutants including JAK2V617F. As such, AMPK activators 

might also be beneficial in the treatment of JAK2V617F-associated MPNs via the 

management of both anti-proliferative effects and haemostatic defects. 

 

7.3 RHEUMATOID ARTHRITIS (RA) 

Rheumatoid arthritis is a common autoimmune disease characterised by synovial 

inflammation and hyperplasia, autoantibody production and destruction of cartilage 

and bone. It is also accompanied by systemic features including cardiovascular, 

pulmonary, psychological, and skeletal disorders [108]. Although the aetiology of RA 

is not fully understood, recent evidence suggests that autoimmune responses to 

citrullinated epitopes predominantly present on matrix proteins plays a central role in 

pathology [109]. Anti-citrullinated protein antibodies (ACPAs) are a measure of B-cell 

activation [110,111] and elevated ACPA levels are a biomarker for aggressive RA 

[112]. Acute phase proteins such as IL-6 also play a crucial role in RA pathogenesis 

and elevated levels of IL-6 in serum and synovial fluid are markers of the disease 

[113]. IL-6 initiates and sustains inflammation and degeneration by inducing the 

acute-phase response, directly activating B and T lymphocytes, macrophages and 

osteoclasts, and promoting infiltration of inflammatory cells, and production of matrix 

metalloproteinases [113]. 

IL-6-activated CD4+ T-cells, key drivers of RA, differentiate to specific T helper (Th) 

lymphocytes which drive distinct immune responses. Th1 cells secrete IFN, IL-2, 

and TNF) , which activate macrophages to enhance cell-mediated immunity and 

phagocytic responses, whereas Th2 cells generate IL-4, IL-5, IL-10, and IL-13 to 

stimulate B-cell-mediated antibody production and activate eosinophils. A recently 

identified CD4+ T-cell lineage, Th17 cells, secrete cytokines such as IL-17 and IL-21 
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which activate JAK-STAT signalling in multiple cell types. This stimulates the 

secretion of chemokines, cytokines, and colony-stimulating factors which activate 

and recruit neutrophils and other myeloid cells leading to an exacerbated 

inflammatory response [114]. Th17 cells are less understood, in part because their 

pattern of differentiation in humans is distinct from that of mouse. However STAT3-

dependent transcription is thought to be a common crucial factor in both systems 

[114]. IL-6 stimulates the differentiation of pathogenic Th17 cells from naive T-cells 

but is not required for Th17 maintenance following differentiation [115]. Furthermore, 

IL-6 inhibits the TGF-β-induced development of immunosuppressive regulatory T 

cells (Treg) [116–118]. Therefore, upon sustained, elevated levels of IL-6, the fine 

balance between Th17 cells and Tregs is lost, thereby promoting an enhanced 

immune response [116–118]. IL-6 can also inhibit the differentiation of Th2 cells [119] 

while also promoting the differentiation of immature B-cells into antibody-secreting 

cells [120]. The latter is thought to be an indirect response of IL-6 stimulating the B 

cell helper capabilities of CD4+ T cells through increased IL-21 production [120]. 

Thus, an increase in Th1 and Th17 cells and a decrease in Th2 and Treg T-cells 

promotes a pro-inflammatory, macrophage-dependent response. In an incompletely 

understood process, escalating levels of pro-inflammatory cytokines secreted by 

numerous cell types cause a vicious feedback cycle leading to local and systemic 

pathogenesis. 

As a major driver of RA-dependent events, IL-6-dependent JAK-STAT signalling has 

been intensively studied and its components are targets for therapeutic intervention 

by small molecule inhibitors and biologicals [121,122]. 

 

7.3.1 TARGETING RA BY INHIBITING IL-6-JAK-STAT SIGNALLING  

RA is commonly treated using conventional disease modifying anti-rheumatic drugs 

(DMARDs) (ciclosporin, sulfasalazine, and methotrexate), slow-acting drugs that 

reduce disease progression. There is an on-going development of novel biologics 

that specifically target the cause of inflammation including anti-TNF (infliximab, 

adalimumab, certolizumab and golimumab) [123], co-stimulatory receptors 

CD80/CD86:CD28 required for full T-cell activation (abatacept), anti-CD20 which 

targets B cells (rituximab), and anti-IL-6R (tocilizumab)[124].  

Tocilizumab, a humanised anti-IL-6R antibody which binds and inhibits both IL-6R 

and sIL-6Rα, has been used successfully for treatment of RA [116–118]. While the 
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previously mentioned biologics are often combined with methotrexate to increase 

efficacy, no additive effect is seen with tocilizumab and methotrexate suggesting 

targeting of the same pathway [124]. This finding is supported by Thomas et al. [125] 

who demonstrated that, in addition to several possible mechanisms of action [126], 

methotrexate also targets JAKs. It is therefore possible that, while improving RA 

prognosis, IL-6/JAK-directed mono-therapy might also have fewer side-effects. 

Most recently, tofacitinib, a ATP-competitive JAK1/3 inhibitor, was approved by the 

US FDA for RA treatment of patients who are intolerant/resistant to first line therapies 

such as methotrexate (reviewed by Nakayamada et al. [127]). A small number of 

studies have demonstrated that AMPK activators, metformin and A769662, 

suppressed inflammatory arthritis in murine models of RA [128,129]. It has also been 

reported that AMPKα1-deficient mice exhibit a mildly enhanced inflammatory arthritis 

versus wild type controls [130]. Moreover, Kang et al. reported that metformin inhibits 

Th17-cell differentiation both in vivo and ex vivo, and AMPK activation inhibits STAT3 

phosphorylation in CD4+ T cells in vitro [129]. Together with our own data, this 

suggests that metformin might suppress Th17 cell differentiation by inhibiting STAT3 

phosphorylation in part via AMPK-mediated phosphorylation of JAK1. 

 

8. SUMMARY AND PERSPECTIVES 

This review has evaluated data which provides a mechanistic rationale for 

repurposing clinically available drugs for the targeted activation of AMPK to treat an 

array of JAK-dependent disorders. An increasing body of evidence has shown that 

changes in cellular nutritional status impact on immune and inflammatory status via 

AMPK [131]. Upon stress, AMPK activation acts to limit JAK-STAT-dependent pro-

inflammatory signalling via several mechanisms to initiate a protective response. 

JAK-STAT signalling is crucial in the development of several pro-inflammatory 

disorders such as rheumatoid arthritis, cardiovascular disease, as well as 

myeloproliferative neoplasms such as acute lymphoblastic leukaemia. Novel findings 

suggest that AMPK can limits JAK-STAT signalling driven by constitutively active 

JAK1V658F and, based on sequence similarity between JAK isoforms (Figure 2B), the 

same mechanism may inhibit other constitutively active JAKs associated with 

disease [107]. Such mutations are common in haematological malignancies for which 

current treatments are either limited or harmful. Therefore, repositioning current 

medications or developing novel small molecule AMPK activators or biologics, used 
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alone or in a combined regimen, might provide a more efficacious but less harmful 

therapy.  

Repositioning of drugs is the reuse of existing pharmaceutical agents to alleviate 

symptoms unconnected with the primary disorder. Successful repositioning of 

existing drugs has been documented over the decades [9], although it is not without 

its own drawbacks [8]. Given the cost/time of research and development and clinical 

trials with new drugs, re-purposing is advantageous as it increases the speed to 

clinic and availability of drugs while eliminating unknown variables such as tolerable 

dosages and side-effects. There is potential for current therapeutics for arthritis and 

proliferative diseases i.e. tocilizumab, tofacitinib and ruxolitinib, which target IL-6-

dependent JAK-STAT signalling, in the treatment of vascular disease [132]. While 

approved for RA, tofacitinib is also being investigated for use against other 

autoimmune diseases [133]. Moreover, statins, which inhibit cholesterol production 

and are widely prescribed for management of cardiovascular disease, have shown to 

target IL-6-dependent disorders by limiting STAT3 activation through blocking IL-6 

production [134,135]. Activation of AMPK by clinically available drugs including the 

anti-hyperglycaemic drug metformin and salicylate, the active metabolite of aspirin 

[136,137], have been shown to have protective effects in the vasculature [138]. We 

have shown that metformin, salicylate, and A769662 can each limit IL-6-dependent 

STAT3 phosphorylation in HUVECs. AMPK was found to directly phosphorylate 

Ser515 and Ser518 within the SH2 domain of JAK1 [64]. AMPK-mediated inhibition of 

JAK-STAT signalling was attenuated upon either mutation of Ser515 and Ser518 

residues or knockdown of AMPK1 catalytic subunits. Together these data support 

AMPK-dependent regulation of JAK signalling as a mechanism that could be further 

investigated with a view to the repurposing AMPK activators for a range of immune 

and inflammatory diseases.  

The AMPK activator metformin is a widely used, relatively safe and inexpensive anti-

diabetic drug and therefore might be beneficial for long-term treatment regimens. 

Common adverse effects of metformin are relatively mild and include hypoglycaemia 

and gastrointestinal intolerance, which can occur in up to 30% of patients. A more 

serious but rare adverse effect is lactic acidosis due to drug overdose or 

administration in contraindicated conditions [139]. It is possible that AMPK-
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dependent inhibition of JAK-STAT signalling might limit secondary side effects of 

current treatments i.e. chemotherapy, such as cardiovascular and pulmonary 

disorders. Several observational studies have reported that treatment with metformin 

limits cardiovascular morbidity and mortality independent from its glucose-lowering 

action in patients with T2DM [140–143]. However, clinical studies showed little or no 

effect on several surrogate markers of cardiovascular disease in non-diabetic 

patients with high cardiovascular risk, taking statins [144], or during cardiac surgery 

[145].  As such, clinical trials of metformin monotherapy are necessary to evaluate 

the cardiovascular protective effects of metformin treatment in non-diabetic patients 

with CVD. One such study is currently ongoing is the Glucose Lowering In Non-

diabetic hyperglycaemia Trial (GLINT; ISRCTN34875079). Over 12 000 patients with 

high cardiovascular risk and abnormal blood glucose levels but without diabetes, will 

be assigned to metformin or placebo for 5 years with data cut-off in December 2024.  

Aspirin  is an acetylated prodrug which is rapidly broken down to the allosteric AMPK 

activator salicylate within the bloodstream [146] and is a well-established anti-platelet 

drug for secondary prevention in patients at high risk of cardiovascular events [147]. 

However, aspirin may adversely impact on haemostasis and cause complications in 

patients prone to bleeding. While low dose aspirin is used to reduce risk of 

thrombosis, myocardial infarction and stroke, it can also cause gastrointestinal 

ulcerations and bleeding [148]. Additionally, further work is necessary to dissect 

AMPK-dependent and -independent effects of current AMPK activators, which lack 

specificity [37,38,43–45]. 

While a pipeline of novel agents is being developed to complement and replace 

existing chemotherapy regimens, the accumulation of genetic changes rapidly results 

in the generation of unresponsive sub-clones of primary tumours. This requires the 

development of a variety of personalised combination therapeutic regimens and as 

such, there is an on-going need to expand the arsenal of anti-cancer agents. For 

example, genetic background will be an important factor which determines the use of 

JAK inhibitions and/or treatment regime either at diagnosis or relapse. A recent 

finding suggested that loss of USP9X, a deubiquitinase and activator of JAK-STAT 

signalling, in cytokine-receptor like factor 2-positive (CRLFpos) ALL might contribute to 

cell survival by limiting JAK signalling [149]. Importantly the same group found that 

low-dose ruxolitinib also had the same effect in USP9X knockout 018z cells 

expressing CRLF2/JAK2R683G. Therefore, it is critical to assess disease status and 
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evolution prior to stratification of patients to the most appropriate therapeutic 

regimen. 

AMPK functions as a heterotrimeric complex of consisting of single α, β, and γ, 

subunits with the α1β1γ1 complex being ubiquitously expressed and most studied. 

Other subunits show tissue specific expression patterns while variations in 

subcellular location have also been reported [28–31]. Therefore expression profiles 

and functions of specific AMPK isoform complexes might be exploited to design 

AMPK activators which target defined tissues such as the vasculature. This is 

supported by the identification of several isoform specific direct activators of AMPK 

[45] including salicylate and A769662, which selectively target β1-containing AMPK 

complexes. Furthermore, lymphocytes have been reported to express AMPKα1 

catalytic subunits exclusively, thus fewer heterotrimeric complexes are possible 

which might allow specific targeting of diseases such as ALL [150]. Despite 

numerous reports suggesting that AMPK activators may be beneficial for the 

treatment of cardiovascular disease and a number of human pathologies 

[47,50,130,138] no direct AMPK activators have yet reached clinical use. However, 

two newly developed direct allosteric AMPK activators, PF-739 [151] and MK-8722 

[152], have shown efficacy in improving glycaemic control in primates and may 

therefore prove useful in patients with specific indications. 

The novel finding the AMPK targets JAK1 [107] suggests the possible development 

of AMPK-targeting molecules with enhanced specificity to target JAK1/2-dependent 

tissue specific disorders. JAK inhibitors, such as ruxolitinib and tofacitinib, 

competitively inhibit the JH1 domain ATP-binding site. Structural similarities between 

JAK isoforms in this region means that development of specific JAK inhibitors 

targeting this site is challenging, thus requiring a more novel approach [153] such as 

the not yet exploited approach of targeting the cytokine receptor-JAK interaction. 

Recent advances in JAK structural studies have found that the SH2 domain interacts 

with the cytokine receptor box 2 motif [18,154]. We have shown that AMPK 

phosphorylates JAK1 at Ser518 and Ser515 which are positioned directly beside this 

interaction suggesting this modification disrupts the cytokine receptor-JAK1 SH2 

interaction and downstream signalling. Thus targeting this interaction might allow for 

the design of small-molecule inhibitors with specificity towards distinct JAK isoforms 

and JAK-receptor combinations.  
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Together, current data suggests that targeting AMPK with clinic-ready drugs and 

exploiting its novel regulatory mechanisms might usher in a new generation of 

selective therapeutics for chronic inflammatory disorders and a range of 

haematological malignancies. 

 

Conflicts of interest: none 

 

 

ACKNOWLEDGEMENTS 

T.M.P. and I.P.S. were supported by project grants from the British Heart Foundation 

(PG/12/1/29276, PG/13/82/30483, PG/14/32/30812), Chief Scientist Office 

(ETM/226), NHS Greater Glasgow and Clyde Research Endowment Fund 

(2011REFCH08), Chest, Heart and Stroke Scotland (R10/A131) and an equipment 

grant from Diabetes UK (BDA11/0004309). C.S. was supported by a PhD 

studentship from Diabetes UK (BDA11/0004403). 

 

REFERENCES 

[1] S.A. Jones, J. Scheller, S. Rose-John, Therapeutic strategies for the clinical 

blockade of IL-6/gp130 signaling., J. Clin. Invest. 121 (2011) 3375–83. 

doi:10.1172/JCI57158. 

[2] P. Sansone, J. Bromberg, Targeting the interleukin-6/Jak/stat pathway in 

human malignancies., J. Clin. Oncol. 30 (2012) 1005–14. 

doi:10.1200/JCO.2010.31.8907. 

[3] R. Bataille, X.G. Zhang, J. Wijdenes, J.F. Schved, B. Klein, Effects of an anti-

interleukin-6 (IL-6) murine monoclonal antibody in a patient with acute 

monoblastic leukemia., Med. Oncol. Tumor Pharmacother. 10 (1993) 185–8. 

[4] I.P. Salt, T.M. Palmer, Exploiting the anti-inflammatory effects of AMP-

activated protein kinase activation, Expert Opin. Investig. Drugs. 21 (2012) 

1155–1167. doi:10.1517/13543784.2012.696609. 

[5] K.A. Coughlan, R.J. Valentine, N.B. Ruderman, A.K. Saha, AMPK activation: a 



21 
 

therapeutic target for type 2 diabetes?, Diabetes. Metab. Syndr. Obes. 7 

(2014) 241–53. doi:10.2147/DMSO.S43731. 

[6] C. Gejjalagere Honnappa, U. Mazhuvancherry Kesavan, A concise review on 

advances in development of small molecule anti-inflammatory therapeutics 

emphasising AMPK: An emerging target, Int. J. Immunopathol. Pharmacol. 29 

(2016) 562–571. doi:10.1177/0394632016673369. 

[7] A.S. Antonopoulos, M. Margaritis, R. Lee, K. Channon, C. Antoniades, Statins 

as anti-inflammatory agents in atherogenesis: molecular mechanisms and 

lessons from the recent clinical trials., Curr. Pharm. Des. 18 (2012) 1519–30. 

doi:10.2174/138161212799504803. 

[8] N. Nosengo, Can you teach old drugs new tricks?, Nature. 534 (2016) 314–

316. doi:10.1038/534314a. 

[9] J.S. Shim, J.O. Liu, Recent Advances in Drug Repositioning for the Discovery 

of New Anticancer Drugs, Int. J. Biol. Sci. 10 (2014) 654–663. 

doi:10.7150/ijbs.9224. 

[10] P.C. Heinrich, I. Behrmann, S. Haan, H.M. Hermanns, G. Müller-Newen, F. 

Schaper, Principles of interleukin (IL)-6-type cytokine signalling and its 

regulation., Biochem. J. 374 (2003) 1–20. doi:10.1042/BJ20030407. 

[11] G. Muller-newen, C. Kohne, R. Keul, U. Hemmann, W. Muller-esterl, J. 

Wijdenes, J.P.J. Brakenhoff, M.H.L. Hart, P.C. Heinrich, Purification and 

Characterization of the Soluble Interleukin-6 Receptor from Human Plasma 

and Identification of An Isoform Generated through Alternative Splicing, Eur. J. 

Biochem. 236 (1996) 837–842. doi:10.1111/j.1432-1033.1996.00837.x. 

[12] S.R.-J. Fred Schaper, Interleukin-6: Biology, signaling and strategies of 

blockade, Cytokine Growth Factor Rev. 26 (2015) 475–487. 

doi:10.1016/j.cytogfr.2015.07.004. 

[13] J.J. Babon, I.S. Lucet, J.M. Murphy, N.A. Nicola, L.N. Varghese, The molecular 

regulation of Janus kinase (JAK) activation, Biochem. J. 462 (2014). 

[14] R. Ferrao, P.J. Lupardus, The Janus Kinase (JAK) FERM and SH2 Domains: 

Bringing Specificity to JAK–Receptor Interactions, Front. Endocrinol. 

(Lausanne). 8 (2017) 71. doi:10.3389/fendo.2017.00071. 

[15] X. Lu, L.J.-S. Huang, H.F. Lodish, Dimerization by a cytokine receptor is 

necessary for constitutive activation of JAK2V617F., J. Biol. Chem. 283 (2008) 

5258–66. doi:10.1074/jbc.M707125200. 



22 
 

[16] A. V Toms, A. Deshpande, R. McNally, Y. Jeong, J.M. Rogers, C.U. Kim, S.M. 

Gruner, S.B. Ficarro, J.A. Marto, M. Sattler, J.D. Griffin, M.J. Eck, Structure of 

a pseudokinase-domain switch that controls oncogenic activation of Jak 

kinases, Nat. Struct. Mol. Biol. 20 (2013) 1221–1223. doi:10.1038/nsmb.2673. 

[17] Y. Shan, K. Gnanasambandan, D. Ungureanu, E.T. Kim, H. Hammarén, K. 

Yamashita, O. Silvennoinen, D.E. Shaw, S.R. Hubbard, Molecular basis for 

pseudokinase-dependent autoinhibition of JAK2 tyrosine kinase, Nat. Struct. 

Mol. Biol. 21 (2014) 579–584. doi:10.1038/nsmb.2849. 

[18] P.J. Lupardus, M. Ultsch, H. Wallweber, P. Bir Kohli, A.R. Johnson, C. 

Eigenbrot, Structure of the pseudokinase-kinase domains from protein kinase 

TYK2 reveals a mechanism for Janus kinase (JAK) autoinhibition., Proc. Natl. 

Acad. Sci. U. S. A. 111 (2014) 8025–30. doi:10.1073/pnas.1401180111. 

[19] L.S. Argetsinger, J.-L.K. Kouadio, H. Steen, A. Stensballe, O.N. Jensen, C. 

Carter-Su, Autophosphorylation of JAK2 on tyrosines 221 and 570 regulates its 

activity., Mol. Cell. Biol. 24 (2004) 4955–67. doi:10.1128/MCB.24.11.4955-

4967.2004. 

[20] H.M. Hammarén, D. Ungureanu, J. Grisouard, R.C. Skoda, S.R. Hubbard, O. 

Silvennoinen, ATP binding to the pseudokinase domain of JAK2 is critical for 

pathogenic activation., Proc. Natl. Acad. Sci. U. S. A. 112 (2015) 4642–7. 

doi:10.1073/pnas.1423201112. 

[21] C.C. Davis, K.S. Shah, M.J. Lechowicz, Clinical Development of Siltuximab, 

Curr. Oncol. Rep. 17 (2015) 29. doi:10.1007/s11912-015-0453-1. 

[22] M. Mihara, K. Kasutani, M. Okazaki, A. Nakamura, S. Kawai, M. Sugimoto, Y. 

Matsumoto, Y. Ohsugi, Tocilizumab inhibits signal transduction mediated by 

both mIL-6R and sIL-6R, but not by the receptors of other members of IL-6 

cytokine family, Int. Immunopharmacol. 5 (2005) 1731–1740. 

doi:10.1016/j.intimp.2005.05.010. 

[23] F. van Rhee, R.S. Wong, N. Munshi, J.-F. Rossi, X.-Y. Ke, A. Fosså, D. 

Simpson, M. Capra, T. Liu, R.K. Hsieh, Y.T. Goh, J. Zhu, S.-G. Cho, H. Ren, J. 

Cavet, R. Bandekar, M. Rothman, T.A. Puchalski, M. Reddy, H. van de Velde, 

J. Vermeulen, C. Casper, Siltuximab for multicentric Castleman’s disease: a 

randomised, double-blind, placebo-controlled trial, Lancet Oncol. 15 (2014) 

966–974. doi:10.1016/S1470-2045(14)70319-5. 

[24] J.M. Kremer, R. Blanco, M. Brzosko, R. Burgos-Vargas, A.-M. Halland, E. 



23 
 

Vernon, P. Ambs, R. Fleischmann, Tocilizumab inhibits structural joint damage 

in rheumatoid arthritis patients with inadequate responses to methotrexate: 

Results from the double-blind treatment phase of a randomized placebo-

controlled trial of tocilizumab safety and prevention of structu, Arthritis Rheum. 

63 (2011) 609–621. doi:10.1002/art.30158. 

[25] K. Yamaoka, Janus kinase inhibitors for rheumatoid arthritis, Curr. Opin. 

Chem. Biol. 32 (2016) 29–33. doi:10.1016/j.cbpa.2016.03.006. 

[26] S. Banerjee, A. Biehl, M. Gadina, S. Hasni, D.M. Schwartz, JAK–STAT 

Signaling as a Target for Inflammatory and Autoimmune Diseases: Current and 

Future Prospects, Drugs. 77 (2017) 521–546. doi:10.1007/s40265-017-0701-9. 

[27] D.E. Puleo, K. Kucera, H.M. Hammarén, D. Ungureanu, A.S. Newton, O. 

Silvennoinen, W.L. Jorgensen, J. Schlessinger, Identification and 

Characterization of JAK2 Pseudokinase Domain Small Molecule Binders, ACS 

Med. Chem. Lett. (2017) acsmedchemlett.7b00153. 

doi:10.1021/acsmedchemlett.7b00153. 

[28] I. SALT, J.W. CELLER, S.A. HAWLEY, A. PRESCOTT, A. WOODS, D. 

CARLING, D.G. HARDIE, AMP-activated protein kinase: greater AMP 

dependence, and preferential nuclear localization, of complexes containing the 

α2 isoform, Biochem. J. 334 (1998). 

[29] A.J.M. Verhoeven, A. Woods, C.H. Brennan, S.A. Hawley, D.G. Hardie, J. 

Scott, R.K. Beri, D. Carling, The AMP-activated Protein Kinase Gene is Highly 

Expressed in Rat Skeletal Muscle. Alternative Splicing and Tissue Distribution 

of the mRNA, Eur. J. Biochem. 228 (1995) 236–243. doi:10.1111/j.1432-

1033.1995.0236n.x. 

[30] C. Thornton, M.A. Snowden, D. Carling, Identification of a novel AMP-activated 

protein kinase beta subunit isoform that is highly expressed in skeletal muscle., 

J. Biol. Chem. 273 (1998) 12443–50. doi:10.1074/JBC.273.20.12443. 

[31] D. Stapleton, K.I. Mitchelhill, G. Gao, J. Widmer, B.J. Michell, T. Teh, C.M. 

House, C.S. Fernandez, T. Cox, L.A. Witters, B.E. Kemp, Mammalian AMP-

activated protein kinase subfamily., J. Biol. Chem. 271 (1996) 611–4. 

doi:10.1074/JBC.271.2.611. 

[32] B. Burwinkel, J.W. Scott, C. Bührer, F.K.H. van Landeghem, G.F. Cox, C.J. 

Wilson, D. Grahame Hardie, M.W. Kilimann, Fatal congenital heart 

glycogenosis caused by a recurrent activating R531Q mutation in the gamma 



24 
 

2-subunit of AMP-activated protein kinase (PRKAG2), not by phosphorylase 

kinase deficiency., Am. J. Hum. Genet. 76 (2005) 1034–49. 

doi:10.1086/430840. 

[33] B.R. Barnes, S. Marklund, T.L. Steiler, M. Walter, G. Hjälm, V. Amarger, M. 

Mahlapuu, Y. Leng, C. Johansson, D. Galuska, K. Lindgren, M. Abrink, D. 

Stapleton, J.R. Zierath, L. Andersson, The 5’-AMP-activated protein kinase 

gamma3 isoform has a key role in carbohydrate and lipid metabolism in 

glycolytic skeletal muscle., J. Biol. Chem. 279 (2004) 38441–7. 

doi:10.1074/jbc.M405533200. 

[34] G.R. Steinberg, H.M. O’Neill, N.L. Dzamko, S. Galic, T. Naim, R. Koopman, 

S.B. Jørgensen, J. Honeyman, K. Hewitt, Z.-P. Chen, J.D. Schertzer, J.W. 

Scott, F. Koentgen, G.S. Lynch, M.J. Watt, B.J.W. van Denderen, D.J. 

Campbell, B.E. Kemp, Whole body deletion of AMP-activated protein kinase 

{beta}2 reduces muscle AMPK activity and exercise capacity., J. Biol. Chem. 

285 (2010) 37198–209. doi:10.1074/jbc.M110.102434. 

[35] J.S. Oakhill, Z.-P. Chen, J.W. Scott, R. Steel, L.A. Castelli, N. Ling, S.L. 

Macaulay, B.E. Kemp, β-Subunit myristoylation is the gatekeeper for initiating 

metabolic stress sensing by AMP-activated protein kinase (AMPK)., Proc. Natl. 

Acad. Sci. U. S. A. 107 (2010) 19237–41. doi:10.1073/pnas.1009705107. 

[36] J. Kim, G. Yang, Y. Kim, J. Kim, J. Ha, AMPK activators: mechanisms of action 

and physiological activities., Exp. Mol. Med. 48 (2016) e224. 

doi:10.1038/emm.2016.16. 

[37] J.M. Corton, J.G. Gillespie, S.A. Hawley, D.G. Hardie, 5-Aminoimidazole-4-

Carboxamide Ribonucleoside. A Specific Method for Activating AMP-Activated 

Protein Kinase in Intact Cells?, Eur. J. Biochem. 229 (1995) 558–565. 

doi:10.1111/j.1432-1033.1995.0558k.x. 

[38] O. Göransson, A. McBride, S.A. Hawley, F.A. Ross, N. Shpiro, M. Foretz, B. 

Viollet, D.G. Hardie, K. Sakamoto, Mechanism of action of A-769662, a 

valuable tool for activation of AMP-activated protein kinase., J. Biol. Chem. 282 

(2007) 32549–60. doi:10.1074/jbc.M706536200. 

[39] B. Xiao, M.J. Sanders, D. Carmena, N.J. Bright, L.F. Haire, E. Underwood, 

B.R. Patel, R.B. Heath, P.A. Walker, S. Hallen, F. Giordanetto, S.R. Martin, D. 

Carling, S.J. Gamblin, Structural basis of AMPK regulation by small molecule 

activators, Nat. Commun. 4 (2013) 760–763. doi:10.1038/ncomms4017. 



25 
 

[40] M.R. Owen, E. Doran, A.P. Halestrap, Evidence that metformin exerts its anti-

diabetic effects through inhibition of complex 1 of the mitochondrial respiratory 

chain., Biochem. J. 348 Pt 3 (2000) 607–14. 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1221104&tool=pmce

ntrez&rendertype=abstract (accessed February 13, 2015). 

[41] A.K. Madiraju, D.M. Erion, Y. Rahimi, X.-M. Zhang, D.T. Braddock, R.A. 

Albright, B.J. Prigaro, J.L. Wood, S. Bhanot, M.J. MacDonald, M.J. Jurczak, J.-

P. Camporez, H.-Y. Lee, G.W. Cline, V.T. Samuel, R.G. Kibbey, G.I. Shulman, 

Metformin suppresses gluconeogenesis by inhibiting mitochondrial 

glycerophosphate dehydrogenase, Nature. 510 (2014) 542–546. 

doi:10.1038/nature13270. 

[42] C.-S. Zhang, M. Li, T. Ma, Y. Zong, J. Cui, J.-W. Feng, Y.-Q. Wu, S.-Y. Lin, S.-

C. Lin, Metformin Activates AMPK through the Lysosomal Pathway, Cell 

Metab. 24 (2016) 521–522. doi:10.1016/j.cmet.2016.09.003. 

[43] D. Moreno, E. Knecht, B. Viollet, P. Sanz, A769662, a novel activator of AMP-

activated protein kinase, inhibits non-proteolytic components of the 26S 

proteasome by an AMPK-independent mechanism, FEBS Lett. 582 (2008) 

2650–2654. doi:10.1016/j.febslet.2008.06.044. 

[44] B. Brunmair, K. Staniek, F. Gras, N. Scharf, A. Althaym, R. Clara, M. Roden, E. 

Gnaiger, H. Nohl, W. Waldhäusl, C. Fürnsinn, Thiazolidinediones, Like 

Metformin, Inhibit Respiratory Complex I, Diabetes. 53 (2004). 

[45] J. Kim, G. Yang, Y. Kim, J. Kim, J. Ha, AMPK activators: mechanisms of action 

and physiological activities, Exp. Mol. Med. 48 (2016) e224. 

doi:10.1038/emm.2016.16. 

[46] A. Bai, M. Yong, A.G. Ma, Y. Ma, C.R. Weiss, Q. Guan, C.N. Bernstein, Z. 

Peng, Novel anti-inflammatory action of 5-aminoimidazole-4-carboxamide 

ribonucleoside with protective effect in dextran sulfate sodium-induced acute 

and chronic colitis., J. Pharmacol. Exp. Ther. 333 (2010) 717–25. 

doi:10.1124/jpet.109.164954. 

[47] X. Zhao, J.W. Zmijewski, E. Lorne, G. Liu, Y.-J. Park, Y. Tsuruta, E. Abraham, 

Activation of AMPK attenuates neutrophil proinflammatory activity and 

decreases the severity of acute lung injury., Am. J. Physiol. Lung Cell. Mol. 

Physiol. 295 (2008) L497-504. doi:10.1152/ajplung.90210.2008. 

[48] R. Prasad, S. Giri, N. Nath, I. Singh, A.K. Singh, 5-aminoimidazole-4-



26 
 

carboxamide-1-beta-4-ribofuranoside attenuates experimental autoimmune 

encephalomyelitis via modulation of endothelial-monocyte interaction., J. 

Neurosci. Res. 84 (2006) 614–25. doi:10.1002/jnr.20953. 

[49] A. Nerstedt, E. Cansby, M. Amrutkar, U. Smith, M. Mahlapuu, Pharmacological 

activation of AMPK suppresses inflammatory response evoked by IL-6 

signalling in mouse liver and in human hepatocytes., Mol. Cell. Endocrinol. 375 

(2013) 68–78. doi:10.1016/j.mce.2013.05.013. 

[50] C. He, H. Li, B. Viollet, M.-H. Zou, Z. Xie, AMPK Suppresses Vascular 

Inflammation In Vivo by Inhibiting Signal Transducer and Activator of 

Transcription-1., Diabetes. 64 (2015) 4285–97. doi:10.2337/db15-0107. 

[51] E. Bess, B. Fisslthaler, T. Frömel, I. Fleming, Nitric oxide-induced activation of 

the AMP-activated protein kinase α2 subunit attenuates IκB kinase activity and 

inflammatory responses in endothelial cells., PLoS One. 6 (2011) e20848. 

doi:10.1371/journal.pone.0020848. 

[52] Z. Yang, B.B. Kahn, H. Shi, B.-Z. Xue, Macrophage alpha1 AMP-activated 

protein kinase (alpha1AMPK) antagonizes fatty acid-induced inflammation 

through SIRT1., J. Biol. Chem. 285 (2010) 19051–9. 

doi:10.1074/jbc.M110.123620. 

[53] Y. Zhang, J. Qiu, X. Wang, Y. Zhang, M. Xia, AMP-activated protein kinase 

suppresses endothelial cell inflammation through phosphorylation of 

transcriptional coactivator p300., Arterioscler. Thromb. Vasc. Biol. 31 (2011) 

2897–908. doi:10.1161/ATVBAHA.111.237453. 

[54] H.W. Jeong, K.C. Hsu, J.-W. Lee, M. Ham, J.Y. Huh, H.J. Shin, W.S. Kim, J.B. 

Kim, Berberine suppresses proinflammatory responses through AMPK 

activation in macrophages, Am. J. Physiol. - Endocrinol. Metab. 296 (2009). 

[55] A. Nerstedt, A. Johansson, C.X. Andersson, E. Cansby, U. Smith, M. 

Mahlapuu, AMP-activated protein kinase inhibits IL-6-stimulated inflammatory 

response in human liver cells by suppressing phosphorylation of signal 

transducer and activator of transcription 3 (STAT3), Diabetologia. 53 (2010) 

2406–2416. doi:10.1007/s00125-010-1856-z. 

[56] E. Cansby, A. Nerstedt, M. Amrutkar, E.N. Durán, U. Smith, M. Mahlapuu, 

Partial hepatic resistance to IL-6-induced inflammation develops in type 2 

diabetic mice, while the anti-inflammatory effect of AMPK is maintained, Mol. 

Cell. Endocrinol. 393 (2014) 143–151. doi:10.1016/j.mce.2014.06.014. 



27 
 

[57] Y.D. Kim, Y.H. Kim, Y.M. Cho, D.K. Kim, S.W. Ahn, J.M. Lee, D. Chanda, M. 

Shong, C.H. Lee, H.S. Choi, Metformin ameliorates IL-6-induced hepatic 

insulin resistance via induction of orphan nuclear receptor small heterodimer 

partner (SHP) in mouse models., Diabetologia. 55 (2012) 1482–94. 

doi:10.1007/s00125-012-2494-4. 

[58] H. Liang, V.J. Venema, X. Wang, H. Ju, R.C. Venema, M.B. Marrero, 

Regulation of angiotensin II-induced phosphorylation of STAT3 in vascular 

smooth muscle cells., J. Biol. Chem. 274 (1999) 19846–51. 

doi:10.1074/JBC.274.28.19846. 

[59] R.C. Venema, V.J. Venema, D.C. Eaton, M.B. Marrero, Angiotensin II-induced 

tyrosine phosphorylation of signal transducers and activators of transcription 1 

is regulated by Janus-activated kinase 2 and Fyn kinases and mitogen-

activated protein kinase phosphatase 1., J. Biol. Chem. 273 (1998) 30795–

800. 

[60] D.M. Gwinn, D.B. Shackelford, D.F. Egan, M.M. Mihaylova, A. Mery, D.S. 

Vasquez, B.E. Turk, R.J. Shaw, AMPK phosphorylation of raptor mediates a 

metabolic checkpoint., Mol. Cell. 30 (2008) 214–26. 

doi:10.1016/j.molcel.2008.03.003. 

[61] K. Inoki, T. Zhu, K.-L. Guan, TSC2 Mediates Cellular Energy Response to 

Control Cell Growth and Survival, Cell. 115 (2003) 577–590. 

doi:10.1016/S0092-8674(03)00929-2. 

[62] E.A. Goncharova, D.A. Goncharov, G. Damera, O. Tliba, Y. Amrani, R.A. 

Panettieri, V.P. Krymskaya, V.P. Krymskaya, Signal transducer and activator of 

transcription 3 is required for abnormal proliferation and survival of TSC2-

deficient cells: relevance to pulmonary lymphangioleiomyomatosis., Mol. 

Pharmacol. 76 (2009) 766–77. doi:10.1124/mol.109.057042. 

[63] G.M. Delgoffe, T.P. Kole, Y. Zheng, P.E. Zarek, K.L. Matthews, B. Xiao, P.F. 

Worley, S.C. Kozma, J.D. Powell, The mTOR kinase differentially regulates 

effector and regulatory T cell lineage commitment., Immunity. 30 (2009) 832–

44. doi:10.1016/j.immuni.2009.04.014. 

[64] C. Rutherford, C. Speirs, J.J.L. Williams, M.-A. Ewart, S.J. Mancini, S.A. 

Hawley, C. Delles, B. Viollet, A.P. Costa-Pereira, G.S. Baillie, I.P. Salt, T.M. 

Palmer, Phosphorylation of Janus kinase 1 (JAK1) by AMP-activated protein 

kinase (AMPK) links energy sensing to anti-inflammatory signaling, Sci. Signal. 



28 
 

9 (2016) ra109-ra109. doi:10.1126/scisignal.aaf8566. 

[65] S.J. Mancini, A.D. White, S. Bijland, C. Rutherford, D. Graham, E.A. Richter, B. 

Viollet, R.M. Touyz, T.M. Palmer, I.P. Salt, Activation of AMP-activated protein 

kinase rapidly suppresses multiple pro-inflammatory pathways in adipocytes 

including IL-1 receptor-associated kinase-4 phosphorylation, Mol. Cell. 

Endocrinol. 440 (2017) 44–56. doi:10.1016/j.mce.2016.11.010. 

[66] D. Bridges, G.B.G. Moorhead, 14-3-3 proteins: a number of functions for a 

numbered protein., Sci. STKE. 2005 (2005) re10. 

doi:10.1126/stke.2962005re10. 

[67] C.-H. Shen, P. Yuan, R. Perez-Lorenzo, Y. Zhang, S.X. Lee, Y. Ou, J.M. 

Asara, L.C. Cantley, B. Zheng, Phosphorylation of BRAF by AMPK Impairs 

BRAF-KSR1 Association and Cell Proliferation, Mol. Cell. 52 (2013) 161–172. 

doi:10.1016/j.molcel.2013.08.044. 

[68] D.F. Egan, D.B. Shackelford, M.M. Mihaylova, S. Gelino, R.A. Kohnz, W. Mair, 

D.S. Vasquez, A. Joshi, D.M. Gwinn, R. Taylor, J.M. Asara, J. Fitzpatrick, A. 

Dillin, B. Viollet, M. Kundu, M. Hansen, R.J. Shaw, Phosphorylation of ULK1 

(hATG1) by AMP-activated protein kinase connects energy sensing to 

mitophagy., Science. 331 (2011) 456–61. doi:10.1126/science.1196371. 

[69] R.J. Shaw, N. Bardeesy, B.D. Manning, L. Lopez, M. Kosmatka, R.A. DePinho, 

L.C. Cantley, The LKB1 tumor suppressor negatively regulates mTOR 

signaling., Cancer Cell. 6 (2004) 91–9. doi:10.1016/j.ccr.2004.06.007. 

[70] A.-S. Tatar, T. Nagy-Simon, C. Tomuleasa, S. Boca, S. Astilean, 

Nanomedicine approaches in acute lymphoblastic leukemia, J. Control. 

Release. 238 (2016) 123–138. doi:10.1016/j.jconrel.2016.07.035. 

[71] C.T. Quang, B. Zaniboni, J. Ghysdael, A TCR-switchable cell death pathway in 

T-ALL, 4 (2017) 3–4. 

[72] P.A.T.E. PDQ Adult Treatment Editorial Board, Adult Acute Lymphoblastic 

Leukemia Treatment (PDQ®): Health Professional Version, National Cancer 

Institute (US), 2002. 

[73] P.P.T.E. PDQ Pediatric Treatment Editorial Board, Childhood Acute 

Lymphoblastic Leukemia Treatment (PDQ®): Health Professional Version, 

National Cancer Institute (US), 2002. 

[74] J. Taylor, W. Xiao, O. Abdel-wahab, Diagnosis and classi fi cation of 

hematologic malignancies on the basis of genetics, Blood. 130 (2017) 410–



29 
 

424. doi:10.1182/blood-2017-02-734541. 

[75] T.A. Waldmann, J. Chen, Disorders of the JAK/STAT Pathway in T Cell 

Lymphoma Pathogenesis: Implications for Immunotherapy, Annu. Rev. 

Immunol. 35 (2017) 533–550. doi:10.1146/annurev-immunol-110416-120628. 

[76] P.R. van Ginkel, D. Sareen, L. Subramanian, Q. Walker, S.R. Darjatmoko, M.J. 

Lindstrom, A. Kulkarni, D.M. Albert, A.S. Polans, Resveratrol Inhibits Tumor 

Growth of Human Neuroblastoma and Mediates Apoptosis by Directly 

Targeting Mitochondria, Clin. Cancer Res. 13 (2007). 

[77] C. Kox, M. Zimmermann, M. Stanulla, S. Leible, M. Schrappe, W.-D. Ludwig, 

R. Koehler, G. Tolle, O.R. Bandapalli, S. Breit, M.U. Muckenthaler, A.E. 

Kulozik, The favorable effect of activating NOTCH1 receptor mutations on 

long-term outcome in T-ALL patients treated on the ALL–BFM 2000 protocol 

can be separated from FBXW7 loss of function, Leukemia. 24 (2010) 2005–

2013. doi:10.1038/leu.2010.203. 

[78] K. Schmiegelow, E. Forestier, M. Hellebostad, M. Heyman, J. Kristinsson, S. 

Söderhäll, M. Taskinen, Long-term results of NOPHO ALL-92 and ALL-2000 

studies of childhood acute lymphoblastic leukemia, Leukemia. 24 (2010) 345–

354. doi:10.1038/leu.2009.251. 

[79] S.P. Hunger, X. Lu, M. Devidas, B.M. Camitta, P.S. Gaynon, N.J. Winick, G.H. 

Reaman, W.L. Carroll, Improved survival for children and adolescents with 

acute lymphoblastic leukemia between 1990 and 2005: a report from the 

children’s oncology group., J. Clin. Oncol. 30 (2012) 1663–9. 

doi:10.1200/JCO.2011.37.8018. 

[80] V. Gupta, P. Hari, R. Hoffman, Allogeneic hematopoietic cell transplantation for 

myelofibrosis in the era of JAK inhibitors, Blood. 120 (2012). 

[81] C.E. Annesley, P. Brown, Novel agents for the treatment of childhood acute 

leukemia, Ther. Adv. Hematol. 6 (2015) 61–79. 

doi:10.1177/2040620714565963. 

[82] L.M. Man, A.L. Morris, M. Keng, New Therapeutic Strategies in Acute 

Lymphocytic Leukemia, Curr. Hematol. Malig. Rep. (2017) 1–10. 

doi:10.1007/s11899-017-0380-3. 

[83] M.C. Stubbs, W. Kim, M. Bariteau, T. Davis, S. Vempati, J. Minehart, M. 

Witkin, J. Qi, A. V Krivtsov, J.E. Bradner, A.L. Kung, S.A. Armstrong, Selective 

Inhibition of HDAC1 and HDAC2 as a Potential Therapeutic Option for B-ALL., 



30 
 

Clin. Cancer Res. 21 (2015) 2348–58. doi:10.1158/1078-0432.CCR-14-1290. 

[84] W. Sun, P.S. Gaynon, R. Sposto, H. Bittencourt, A.E. Place, Y.H. Messinger, 

C. Fraser, L. Dalla-Pozza, J. van der Giessen, E. Eckroth, X. Yang, G. Liang, 

P.A. Jones, A.S. Wayne, T. Cooper, A Phase 1 Study of Azacitidine (AZA) in 

Combination with Fludarabine and Cytarabine in Relapse/Refractory Childhood 

Leukemia: A Therapeutic Advances in Childhood Leukemia &amp; Lymphoma 

(TACL) Study, Blood. 124 (2014). 

[85] N. Daver, Y. Boumber, H. Kantarjian, F. Ravandi, J. Cortes, M.E. Rytting, J.D. 

Kawedia, J. Basnett, K.S. Culotta, Z. Zeng, H. Lu, M.A. Richie, R. Garris, L. 

Xiao, W. Liu, K.A. Baggerly, E. Jabbour, S. O’Brien, J. Burger, L.J. Bendall, D. 

Thomas, M. Konopleva, A Phase I/II Study of the mTOR Inhibitor Everolimus in 

Combination with HyperCVAD Chemotherapy in Patients with 

Relapsed/Refractory Acute Lymphoblastic Leukemia, Clin. Cancer Res. 21 

(2015). 

[86] S.L. Maude, S.K. Tasian, T. Vincent, J.W. Hall, C. Sheen, K.G. Roberts, A.E. 

Seif, D.M. Barrett, I.-M. Chen, J.R. Collins, C.G. Mullighan, S.P. Hunger, R.C. 

Harvey, C.L. Willman, J.S. Fridman, M.L. Loh, S.A. Grupp, D.T. Teachey, 

Targeting JAK1/2 and mTOR in murine xenograft models of Ph-like acute 

lymphoblastic leukemia, Blood. 120 (2012). 

[87] E. Flex, V. Petrangeli, L. Stella, S. Chiaretti, T. Hornakova, L. Knoops, C. 

Ariola, V. Fodale, E. Clappier, F. Paoloni, S. Martinelli, A. Fragale, M. Sanchez, 

S. Tavolaro, M. Messina, G. Cazzaniga, A. Camera, G. Pizzolo, A. Tornesello, 

M. Vignetti, A. Battistini, H. Cavé, B.D. Gelb, J.-C. Renauld, A. Biondi, S.N. 

Constantinescu, R. Foà, M. Tartaglia, Somatically acquired JAK1 mutations in 

adult acute lymphoblastic leukemia., J. Exp. Med. 205 (2008) 751–8. 

doi:10.1084/jem.20072182. 

[88] E.G. Jeong, M.S. Kim, H.K. Nam, C.K. Min, S. Lee, Y.J. Chung, N.J. Yoo, S.H. 

Lee, Somatic Mutations of JAK1 and JAK3 in Acute Leukemias and Solid 

Cancers, Clin. Cancer Res. 14 (2008). 

[89] J. Zhang, L. Ding, L. Holmfeldt, G. Wu, S.L. Heatley, D. Payne-Turner, J. 

Easton, X. Chen, J. Wang, M. Rusch, C. Lu, S.-C. Chen, L. Wei, J.R. Collins-

Underwood, J. Ma, K.G. Roberts, S.B. Pounds, A. Ulyanov, J. Becksfort, P. 

Gupta, R. Huether, R.W. Kriwacki, M. Parker, D.J. McGoldrick, D. Zhao, D. 

Alford, S. Espy, K.C. Bobba, G. Song, D. Pei, C. Cheng, S. Roberts, M.I. 



31 
 

Barbato, D. Campana, E. Coustan-Smith, S.A. Shurtleff, S.C. Raimondi, M. 

Kleppe, J. Cools, K.A. Shimano, M.L. Hermiston, S. Doulatov, K. Eppert, E. 

Laurenti, F. Notta, J.E. Dick, G. Basso, S.P. Hunger, M.L. Loh, M. Devidas, B. 

Wood, S. Winter, K.P. Dunsmore, R.S. Fulton, L.L. Fulton, X. Hong, C.C. 

Harris, D.J. Dooling, K. Ochoa, K.J. Johnson, J.C. Obenauer, W.E. Evans, C.-

H. Pui, C.W. Naeve, T.J. Ley, E.R. Mardis, R.K. Wilson, J.R. Downing, C.G. 

Mullighan, The genetic basis of early T-cell precursor acute lymphoblastic 

leukaemia., Nature. 481 (2012) 157–63. doi:10.1038/nature10725. 

[90] C.G. Mullighan, J. Zhang, R.C. Harvey, J.R. Collins-Underwood, B.A. 

Schulman, L.A. Phillips, S.K. Tasian, M.L. Loh, X. Su, W. Liu, M. Devidas, S.R. 

Atlas, I.-M. Chen, R.J. Clifford, D.S. Gerhard, W.L. Carroll, G.H. Reaman, M. 

Smith, J.R. Downing, S.P. Hunger, C.L. Willman, JAK mutations in high-risk 

childhood acute lymphoblastic leukemia, Proc. Natl. Acad. Sci. 106 (2009) 

9414–9418. doi:10.1073/pnas.0811761106. 

[91] V. Asnafi, S. Le Noir, L. Lhermitte, C. Gardin, F. Legrand, X. Vallantin, J.-V. 

Malfuson, N. Ifrah, H. Dombret, E. Macintyre, JAK1 mutations are not frequent 

events in adult T-ALL: a GRAALL study, Br. J. Haematol. 148 (2010) 178–179. 

doi:10.1111/j.1365-2141.2009.07912.x. 

[92] E.G. Jeong, M.S. Kim, H.K. Nam, C.K. Min, S. Lee, Y.J. Chung, N.J. Yoo, S.H. 

Lee, Somatic Mutations of JAK1 and JAK3 in Acute Leukemias and Solid 

Cancers, Clin. Cancer Res. 14 (2008) 3716–3721. doi:10.1158/1078-

0432.CCR-07-4839. 

[93] T. Hornakova, J. Staerk, Y. Royer, E. Flex, M. Tartaglia, S.N. Constantinescu, 

L. Knoops, J.-C. Renauld, Acute lymphoblastic leukemia-associated JAK1 

mutants activate the Janus kinase/STAT pathway via interleukin-9 receptor 

alpha homodimers., J. Biol. Chem. 284 (2009) 6773–81. 

doi:10.1074/jbc.M807531200. 

[94] G.M. Gordon, Q.T. Lambert, K.G. Daniel, G.W. Reuther, Transforming JAK1 

mutations exhibit differential signalling, FERM domain requirements and 

growth responses to interferon-γ, Biochem. J. 432 (2010). 

[95] Z. Xiang, Y. Zhao, V. Mitaksov, D.H. Fremont, Y. Kasai, A. Molitoris, R.E. Ries, 

T.L. Miner, M.D. McLellan, J.F. DiPersio, D.C. Link, J.E. Payton, T.A. Graubert, 

M. Watson, W. Shannon, S.E. Heath, R. Nagarajan, E.R. Mardis, R.K. Wilson, 

T.J. Ley, M.H. Tomasson, Identification of somatic JAK1 mutations in patients 



32 
 

with acute myeloid leukemia, Blood. 111 (2008). 

[96] C. Grimaldi, F. Chiarini, G. Tabellini, F. Ricci, P.L. Tazzari, M. Battistelli, E. 

Falcieri, R. Bortul, F. Melchionda, I. Iacobucci, P. Pagliaro, G. Martinelli, A. 

Pession, J.T. Barata, J.A. McCubrey, A.M. Martelli, AMP-dependent 

kinase/mammalian target of rapamycin complex 1 signaling in T-cell acute 

lymphoblastic leukemia: therapeutic implications, Leukemia. 26 (2012) 91–100. 

doi:10.1038/leu.2011.269. 

[97] P.Y. Jotta, M.A. Ganazza, A. Silva, M.B. Viana, M.J. da Silva, L.J.G. Zambaldi, 

J.T. Barata, S.R. Brandalise, J.A. Yunes, Negative prognostic impact of PTEN 

mutation in pediatric T-cell acute lymphoblastic leukemia, Leukemia. 24 (2010) 

239–242. doi:10.1038/leu.2009.209. 

[98] B.A. Cardoso, L.R. Martins, C.I. Santos, L.M. Nadler, V.A. Boussiotis, A.A. 

Cardoso, J.T. Barata, Interleukin-4 stimulates proliferation and growth of T-cell 

acute lymphoblastic leukemia cells by activating mTOR signaling, Leukemia. 

23 (2009) 206–208. doi:10.1038/leu.2008.178. 

[99] A. Silva, J.A. Yunes, B.A. Cardoso, L.R. Martins, P.Y. Jotta, M. Abecasis, A.E. 

Nowill, N.R. Leslie, A.A. Cardoso, J.T. Barata, PTEN posttranslational 

inactivation and hyperactivation of the PI3K/Akt pathway sustain primary T cell 

leukemia viability., J. Clin. Invest. 118 (2008) 3762–74. doi:10.1172/JCI34616. 

[100] E.J. Baxter, L.M. Scott, P.J. Campbell, C. East, N. Fourouclas, S. Swanton, 

G.S. Vassiliou, A.J. Bench, E.M. Boyd, N. Curtin, M.A. Scott, W.N. Erber, A.R. 

Green, Acquired mutation of the tyrosine kinase JAK2 in human 

myeloproliferative disorders, Lancet. 365 (2005) 1054–1061. 

doi:10.1016/S0140-6736(05)71142-9. 

[101] C. James, V. Ugo, J.-P. Le Couédic, J. Staerk, F. Delhommeau, C. Lacout, L. 

Garçon, H. Raslova, R. Berger, A. Bennaceur-Griscelli, J.L. Villeval, S.N. 

Constantinescu, N. Casadevall, W. Vainchenker, A unique clonal JAK2 

mutation leading to constitutive signalling causes polycythaemia vera, Nature. 

434 (2005) 1144–1148. doi:10.1038/nature03546. 

[102] R.L. Levine, M. Wadleigh, J. Cools, B.L. Ebert, G. Wernig, B.J.P. Huntly, T.J. 

Boggon, I. Wlodarska, J.J. Clark, S. Moore, J. Adelsperger, S. Koo, J.C. Lee, 

S. Gabriel, T. Mercher, A. D’Andrea, S. Fröhling, K. Döhner, P. Marynen, P. 

Vandenberghe, R.A. Mesa, A. Tefferi, J.D. Griffin, M.J. Eck, W.R. Sellers, M. 

Meyerson, T.R. Golub, S.J. Lee, D.G. Gilliland, Activating mutation in the 



33 
 

tyrosine kinase JAK2 in polycythemia vera, essential thrombocythemia, and 

myeloid metaplasia with myelofibrosis, Cancer Cell. 7 (2005) 387–397. 

doi:10.1016/j.ccr.2005.03.023. 

[103] I. Kawashima, K. Kirito, Metformin inhibits JAK2V617F activity in MPN cells by 

activating AMPK and PP2A complexes containing the B56α subunit, Exp. 

Hematol. 44 (2016) 1156–1165.e4. doi:10.1016/j.exphem.2016.08.005. 

[104] J. Mascarenhas, R. Mesa, J. Prchal, R. Hoffman, Optimal therapy for 

polycythemia vera and essential thrombocythemia can only be determined by 

the completion of randomized clinical trials., Haematologica. 99 (2014) 945–9. 

doi:10.3324/haematol.2014.106013. 

[105] L. Teofili, M. Martini, M.G. Iachininoto, S. Capodimonti, E.R. Nuzzolo, L. Torti, 

T. Cenci, L.M. Larocca, G. Leone, Endothelial progenitor cells are clonal and 

exhibit the JAK2V617F mutation in a subset of thrombotic patients with Ph-

negative myeloproliferative neoplasms, Blood. 117 (2011). 

[106] S.L. Etheridge, M.E. Roh, M.E. Cosgrove, V. Sangkhae, N.E. Fox, J. Chen, 

J.A. López, K. Kaushansky, I.S. Hitchcock, JAK2V617F-positive endothelial 

cells contribute to clotting abnormalities in myeloproliferative neoplasms., Proc. 

Natl. Acad. Sci. U. S. A. 111 (2014) 2295–300. doi:10.1073/pnas.1312148111. 

[107] C. Rutherford, C. Speirs, J.J.L. Williams, M.-A. Ewart, S.J. Mancini, S.A. 

Hawley, C. Delles, B. Viollet, A.P. Costa-Pereira, G.S. Baillie, I.P. Salt, T.M. 

Palmer, Phosphorylation of Janus kinase 1 (JAK1) by AMP-activated protein 

kinase (AMPK) links energy sensing to anti-inflammatory signaling, Sci. Signal. 

9 (2016). 

[108] I.B. McInnes, G. Schett, The Pathogenesis of Rheumatoid Arthritis, N. Engl. J. 

Med. 365 (2011) 2205–2219. doi:10.1056/NEJMra1004965. 

[109] N. Wegner, K. Lundberg, A. Kinloch, B. Fisher, V. Malmström, M. Feldmann, 

P.J. Venables, Autoimmunity to specific citrullinated proteins gives the first 

clues to the etiology of rheumatoid arthritis, Immunol. Rev. 233 (2010) 34–54. 

doi:10.1111/j.0105-2896.2009.00850.x. 

[110] B. Marston, A. Palanichamy, J.H. Anolik, B cells in the pathogenesis and 

treatment of rheumatoid arthritis., Curr. Opin. Rheumatol. 22 (2010) 307–15. 

doi:10.1097/BOR.0b013e3283369cb8. 

[111] D. Rossi, V. Modena, S. Sciascia, D. Roccatello, Rheumatoid arthritis: 

Biological therapy other than anti-TNF, Int. Immunopharmacol. 27 (2015) 185–



34 
 

188. doi:10.1016/j.intimp.2015.03.019. 

[112] J. Kay, K.S. Upchurch, ACR/EULAR 2010 rheumatoid arthritis classification 

criteria, Rheumatology. 51 (2012) vi5-vi9. doi:10.1093/rheumatology/kes279. 

[113] R. Madhok, A. Crilly, J. Watson, H.A. Capell, Serum interleukin 6 levels in 

rheumatoid arthritis: correlations with clinical and laboratory indices of disease 

activity., Ann. Rheum. Dis. 52 (1993) 232–4. doi:10.1136/ARD.52.3.232. 

[114] S. Srirangan, E.H. Choy, The role of interleukin 6 in the pathophysiology of 

rheumatoid arthritis., Ther. Adv. Musculoskelet. Dis. 2 (2010) 247–56. 

doi:10.1177/1759720X10378372. 

[115] M. Fujimoto, S. Serada, M. Mihara, Y. Uchiyama, H. Yoshida, N. Koike, Y. 

Ohsugi, T. Nishikawa, B. Ripley, A. Kimura, T. Kishimoto, T. Naka, Interleukin-

6 blockade suppresses autoimmune arthritis in mice by the inhibition of 

inflammatory Th17 responses, Arthritis Rheum. 58 (2008) 3710–3719. 

doi:10.1002/art.24126. 

[116] B. Pesce, L. Soto, F. Sabugo, P. Wurmann, M. Cuchacovich, M.N. López, P.H. 

Sotelo, M.C. Molina, J.C. Aguillón, D. Catalán, Effect of interleukin-6 receptor 

blockade on the balance between regulatory T cells and T helper type 17 cells 

in rheumatoid arthritis patients., Clin. Exp. Immunol. 171 (2013) 237–42. 

doi:10.1111/cei.12017. 

[117] K. Nistala, L.R. Wedderburn, Th17 and regulatory T cells: rebalancing pro- and 

anti-inflammatory forces in autoimmune arthritis, Rheumatology. 48 (2009) 

602–606. doi:10.1093/rheumatology/kep028. 

[118] E. Bettelli, Y. Carrier, W. Gao, T. Korn, T.B. Strom, M. Oukka, H.L. Weiner, 

V.K. Kuchroo, Reciprocal developmental pathways for the generation of 

pathogenic effector TH17 and regulatory T cells, Nature. 441 (2006) 235–238. 

doi:10.1038/nature04753. 

[119] A. Mayer, D. Debuisson, S. Denanglaire, F. Eddahri, L. Fievez, M. Hercor, E. 

Triffaux, M. Moser, F. Bureau, O. Leo, F. Andris, Antigen presenting cell-

derived IL-6 restricts Th2-cell differentiation, Eur. J. Immunol. 44 (2014) 3252–

3262. doi:10.1002/eji.201444646. 

[120] O. Dienz, S.M. Eaton, J.P. Bond, W. Neveu, D. Moquin, R. Noubade, E.M. 

Briso, C. Charland, W.J. Leonard, G. Ciliberto, C. Teuscher, L. Haynes, M. 

Rincon, The induction of antibody production by IL-6 is indirectly mediated by 

IL-21 produced by CD4+ T cells, J. Exp. Med. 206 (2009). 



35 
 

[121] I.B. McInnes, C.D. Buckley, J.D. Isaacs, Cytokines in rheumatoid arthritis — 

shaping the immunological landscape, Nat. Rev. Rheumatol. 12 (2015) 63–68. 

doi:10.1038/nrrheum.2015.171. 

[122] I.B. McInnes, G. Schett, Pathogenetic insights from the treatment of 

rheumatoid arthritis, Lancet. 389 (2017) 2328–2337. doi:10.1016/S0140-

6736(17)31472-1. 

[123] B.I. Gavrilă, C. Ciofu, V. Stoica, Biomarkers in Rheumatoid Arthritis, what is 

new?, J. Med. Life. 9 (2016) 144–8. 

[124] S. Pavy, A. Constantin, T. Pham, L. Gossec, J.-F. Maillefert, A. Cantagrel, B. 

Combe, R.-M. Flipo, P. Goupille, X. Le Loët, X. Mariette, X. Puéchal, T. 

Schaeverbeke, J. Sibilia, J. Tebib, D. Wendling, M. Dougados, Methotrexate 

therapy for rheumatoid arthritis: clinical practice guidelines based on published 

evidence and expert opinion., Joint. Bone. Spine. 73 (2006) 388–95. 

doi:10.1016/j.jbspin.2006.01.007. 

[125] S. Thomas, K.H. Fisher, J.A. Snowden, S.J. Danson, S. Brown, M.P. Zeidler, 

Methotrexate Is a JAK/STAT Pathway Inhibitor, PLoS One. 10 (2015) 

e0130078. doi:10.1371/journal.pone.0130078. 

[126] H. Tian, B.N. Cronstein, Understanding the mechanisms of action of 

methotrexate: implications for the treatment of rheumatoid arthritis., Bull. NYU 

Hosp. Jt. Dis. 65 (2007) 168–73. 

[127] S. Nakayamada, S. Kubo, S. Iwata, Y. Tanaka, Recent Progress in JAK 

Inhibitors for the Treatment of Rheumatoid Arthritis, BioDrugs. 30 (2016) 407–

419. doi:10.1007/s40259-016-0190-5. 

[128] H.-J. Son, J. Lee, S.-Y. Lee, E.-K. Kim, M.-J. Park, K.-W. Kim, S.-H. Park, M.-

L. Cho, Metformin attenuates experimental autoimmune arthritis through 

reciprocal regulation of Th17/Treg balance and osteoclastogenesis., Mediators 

Inflamm. 2014 (2014) 973986. doi:10.1155/2014/973986. 

[129] K.Y. Kang, Y.-K. Kim, H. Yi, J. Kim, H.-R. Jung, I.J. Kim, J.-H. Cho, S.-H. Park, 

H.-Y. Kim, J.H. Ju, Metformin downregulates Th17 cells differentiation and 

attenuates murine autoimmune arthritis, Int. Immunopharmacol. 16 (2013) 85–

92. doi:10.1016/j.intimp.2013.03.020. 

[130] M. Guma, Y. Wang, B. Viollet, R. Liu-Bryan, W.W. Lin, H.S. Hundal, AMPK 

Activation by A-769662 Controls IL-6 Expression in Inflammatory Arthritis, 

PLoS One. 10 (2015) e0140452. doi:10.1371/journal.pone.0140452. 



36 
 

[131] L.A.J. O’Neill, D.G. Hardie, Metabolism of inflammation limited by AMPK and 

pseudo-starvation, Nature. 493 (2013) 346–355. doi:10.1038/nature11862. 

[132] J. Dutzmann, J.-M. Daniel, J. Bauersachs, D. Hilfiker-Kleiner, D.G. Sedding, 

Emerging translational approaches to target STAT3 signalling and its impact 

on vascular disease, Cardiovasc. Res. 106 (2015) 365–374. 

doi:10.1093/cvr/cvv103. 

[133] W.J. Sandborn, S. Ghosh, J. Panes, I. Vranic, C. Su, S. Rousell, W. 

Niezychowski, Study A3921063 Investigators, Tofacitinib, an Oral Janus 

Kinase Inhibitor, in Active Ulcerative Colitis, N. Engl. J. Med. 367 (2012) 616–

624. doi:10.1056/NEJMoa1112168. 

[134] C. Arnaud, F. Burger, S. Steffens, N.R. Veillard, T.H. Nguyen, D. Trono, F. 

Mach, Statins reduce interleukin-6-induced C-reactive protein in human 

hepatocytes: new evidence for direct antiinflammatory effects of statins., 

Arterioscler. Thromb. Vasc. Biol. 25 (2005) 1231–6. 

doi:10.1161/01.ATV.0000163840.63685.0c. 

[135] X. Zhou, D. Li, W. Yan, W. Li, Pravastatin Prevents Aortic Atherosclerosis via 

Modulation of Signal Transduction and Activation of Transcription 3 (STAT3) to 

Attenuate Interleukin-6 (IL-6) Action in ApoE Knockout Mice, Int. J. Mol. Sci. 9 

(2008) 2253–2264. doi:10.3390/ijms9112253. 

[136] B.J. Davis, Z. Xie, B. Viollet, M.-H. Zou, Activation of the AMP-Activated 

Kinase by Antidiabetes Drug Metformin Stimulates Nitric Oxide Synthesis In 

Vivo by Promoting the Association of Heat Shock Protein 90 and Endothelial 

Nitric Oxide Synthase, Diabetes. 55 (2006). 

[137] S.A. Hawley, M.D. Fullerton, F.A. Ross, J.D. Schertzer, C. Chevtzoff, K.J. 

Walker, M.W. Peggie, D. Zibrova, K.A. Green, K.J. Mustard, B.E. Kemp, K. 

Sakamoto, G.R. Steinberg, D.G. Hardie, The ancient drug salicylate directly 

activates AMP-activated protein kinase., Science. 336 (2012) 918–22. 

doi:10.1126/science.1215327. 

[138] M.-A. Ewart, S. Kennedy, AMPK and vasculoprotection, Pharmacol. Ther. 131 

(2011) 242–253. doi:10.1016/j.pharmthera.2010.11.002. 

[139] A.J. Scheen, N. Paquot, Metformin revisited: A critical review of the benefit-risk 

balance in at-risk patients with type 2 diabetes, Diabetes Metab. 39 (2013) 

179–190. doi:10.1016/j.diabet.2013.02.006. 

[140] R. Roussel, F. Travert, B. Pasquet, P.W.F. Wilson, S.C. Smith, S. Goto, P. 



37 
 

Ravaud, M. Marre, A. Porath, D.L. Bhatt, P.G. Steg, Reduction of 

Atherothrombosis for Continued Health (REACH) Registry Investigators, 

Metformin use and mortality among patients with diabetes and 

atherothrombosis., Arch. Intern. Med. 170 (2010) 1892–9. 

doi:10.1001/archinternmed.2010.409. 

[141] L.G. Mellbin, K. Malmberg, A. Norhammar, H. Wedel, L. Rydén, DIGAMI 2 

Investigators, Prognostic implications of glucose-lowering treatment in patients 

with acute myocardial infarction and diabetes: experiences from an extended 

follow-up of the Diabetes Mellitus Insulin-Glucose Infusion in Acute Myocardial 

Infarction (DIGAMI) 2 Study., Diabetologia. 54 (2011) 1308–17. 

doi:10.1007/s00125-011-2084-x. 

[142] J.A. Johnson, S.H. Simpson, E.L. Toth, S.R. Majumdar, Reduced 

cardiovascular morbidity and mortality associated with metformin use in 

subjects with Type 2 diabetes, Diabet. Med. 22 (2005) 497–502. 

doi:10.1111/j.1464-5491.2005.01448.x. 

[143] R.R. Holman, S.K. Paul, M.A. Bethel, D.R. Matthews, H.A.W. Neil, 10-Year 

Follow-up of Intensive Glucose Control in Type 2 Diabetes, N. Engl. J. Med. 

359 (2008) 1577–1589. doi:10.1056/NEJMoa0806470. 

[144] D. Preiss, S.M. Lloyd, I. Ford, J.J. McMurray, R.R. Holman, P. Welsh, M. 

Fisher, C.J. Packard, N. Sattar, Metformin for non-diabetic patients with 

coronary heart disease (the CAMERA study): a randomised controlled trial, 

Lancet Diabetes Endocrinol. 2 (2014) 116–124. doi:10.1016/S2213-

8587(13)70152-9. 

[145] S. El Messaoudi, R. Nederlof, C.J. Zuurbier, H.A. van Swieten, P. Pickkers, L. 

Noyez, H.-J. Dieker, M.J. Coenen, A.R.T. Donders, A. Vos, G.A. Rongen, N.P. 

Riksen, Effect of metformin pretreatment on myocardial injury during coronary 

artery bypass surgery in patients without diabetes (MetCAB): a double-blind, 

randomised controlled trial, Lancet Diabetes Endocrinol. 3 (2015) 615–623. 

doi:10.1016/S2213-8587(15)00121-7. 

[146] G.A. Higgs, J.A. Salmon, B. Henderson, J.R. Vane, Pharmacokinetics of 

aspirin and salicylate in relation to inhibition of arachidonate cyclooxygenase 

and antiinflammatory activity., Proc. Natl. Acad. Sci. U. S. A. 84 (1987) 1417–

20. 

[147] C.H. Hennekens, J.E. Dalen, Aspirin in the Treatment and Prevention of 



38 
 

Cardiovascular Disease: Past and Current Perspectives and Future Directions, 

Am. J. Med. 126 (2013) 373–378. doi:10.1016/j.amjmed.2012.12.013. 

[148] C.J. Lavie, C.W. Howden, J. Scheiman, J. Tursi, Upper Gastrointestinal 

Toxicity Associated With Long-Term Aspirin Therapy: Consequences and 

Prevention, Curr. Probl. Cardiol. 42 (2017) 146–164. 

doi:10.1016/j.cpcardiol.2017.01.006. 

[149] O. Schwartzman, A.M. Savino, M. Gombert, C. Palmi, G. Cario, M. Schrappe, 

C. Eckert, A. von Stackelberg, J.-Y. Huang, M. Hameiri-Grossman, S. Avigad, 

G. te Kronnie, I. Geron, Y. Birger, A. Rein, G. Zarfati, U. Fischer, Z. Mukamel, 

M. Stanulla, A. Biondi, G. Cazzaniga, A. Vetere, B.K. Wagner, Z. Chen, S.-J. 

Chen, A. Tanay, A. Borkhardt, S. Izraeli, Suppressors and activators of JAK-

STAT signaling at diagnosis and relapse of acute lymphoblastic leukemia in 

Down syndrome, Proc. Natl. Acad. Sci. 114 (2017) E4030–E4039. 

doi:10.1073/pnas.1702489114. 

[150] P. Tamás, S.A. Hawley, R.G. Clarke, K.J. Mustard, K. Green, D.G. Hardie, 

D.A. Cantrell, Regulation of the energy sensor AMP-activated protein kinase by 

antigen receptor and Ca2+ in T lymphocytes, J. Exp. Med. 203 (2006). 

[151] E.C. Cokorinos, J. Delmore, A.R. Reyes, B. Albuquerque, R. Kjøbsted, N.O. 

Jørgensen, J.L. Tran, A. Jatkar, K. Cialdea, R.M. Esquejo, J. Meissen, M.F. 

Calabrese, J. Cordes, R. Moccia, D. Tess, C.T. Salatto, T.M. Coskran, A.C. 

Opsahl, D. Flynn, M. Blatnik, W. Li, E. Kindt, M. Foretz, B. Viollet, J. Ward, 

R.G. Kurumbail, A.S. Kalgutkar, J.F.P. Wojtaszewski, K.O. Cameron, R.A. 

Miller, Activation of Skeletal Muscle AMPK Promotes Glucose Disposal and 

Glucose Lowering in Non-human Primates and Mice, Cell Metab. 25 (2017) 

1147–1159.e10. doi:10.1016/j.cmet.2017.04.010. 

[152] R.W. Myers, H.-P. Guan, J. Ehrhart, A. Petrov, S. Prahalada, E. Tozzo, X. 

Yang, M.M. Kurtz, M. Trujillo, D. Gonzalez Trotter, D. Feng, S. Xu, G. 

Eiermann, M.A. Holahan, D. Rubins, S. Conarello, X. Niu, S.C. Souza, C. 

Miller, J. Liu, K. Lu, W. Feng, Y. Li, R.E. Painter, J.A. Milligan, H. He, F. Liu, A. 

Ogawa, D. Wisniewski, R.J. Rohm, L. Wang, M. Bunzel, Y. Qian, W. Zhu, H. 

Wang, B. Bennet, L. LaFranco Scheuch, G.E. Fernandez, C. Li, M. Klimas, G. 

Zhou, M. van Heek, T. Biftu, A. Weber, D.E. Kelley, N. Thornberry, M.D. Erion, 

D.M. Kemp, I.K. Sebhat, Systemic pan-AMPK activator MK-8722 improves 

glucose homeostasis but induces cardiac hypertrophy, Science (80-. ). 357 



39 
 

(2017) 507–511. doi:10.1126/science.aah5582. 

[153] E. Leroy, S.N. Constantinescu, Rethinking JAK2 inhibition: towards novel 

strategies of more specific and versatile janus kinase inhibition, Leukemia. 31 

(2017) 1023–1038. doi:10.1038/leu.2017.43. 

[154] R. Ferrao, H.J.A. Wallweber, H. Ho, C. Tam, Y. Franke, J. Quinn, P.J. 

Lupardus, The Structural Basis for Class II Cytokine Receptor Recognition by 

JAK1., Structure. 24 (2016) 897–905. doi:10.1016/j.str.2016.03.023. 

[155] N.K. Williams, R.S. Bamert, O. Patel, C. Wang, P.M. Walden, A.F. Wilks, E. 

Fantino, J. Rossjohn, I.S. Lucet, Dissecting Specificity in the Janus Kinases: 

The Structures of JAK-Specific Inhibitors Complexed to the JAK1 and JAK2 

Protein Tyrosine Kinase Domains, J. Mol. Biol. 387 (2009) 219–232. 

doi:10.1016/j.jmb.2009.01.041. 

 

  



40 
 

FIGURES 

 

 

Figure 1: Human JAK1 and JAK2 domain structure and disease-associated 

mutations resulting in constitutive kinase activation. 

Upper: Schematic diagram of human JAK1 and JAK2 showing the common structure 

conserved in all four JAK isoforms consisting of seven JAK-homology (JH) domains 

(JH1, Tyr kinase domain; JH2, pseudokinase domain; JH3-5, Src homology 2 (SH2) 

domain; JH5-7, N-terminal 4.1, Ezrin, Radixin, Moesin (FERM) domain). While the 

FERM and SH2 domains regulate receptor binding, the pseudokinase domain, which 

has weak catalytic activity [18], regulates JH1 domain Tyr kinase activity. The 

locations of activating mutations in JAK1 detectable in patients with ALL and 

activating mutations in JAK2 observed in MPN patients are indicated. JAK1V658F and 

JAK2V617F mutations within the regulatory JH2 domains are the most frequently 

detected JAK mutations in ALL and MPN respectively [75]. 

Lower: Crystal structure of the JAK2 JH1 domain bound to JAK inhibitor tofacitinib, 

reproduced with permission [155]. 
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Figure 2: Control of the JAK-STAT pathway at multiple levels by AMPK 

Panel A: Schematic representation of the molecular mechanisms by which AMPK 

has been proposed to inhibit JAK-STAT signalling. 1- inhibition of mTOR via Raptor 

inhibition and TCS2 activation. 2- Ser phosphorylation of JAK and downstream 

binding of 14-3-3. 3- dephosphorylation of STAT by MKP-1. 4- increased SHP 

accumulation and prevention of STAT DNA binding and transcription. 

Panel B: Upper - Alignment of SH2 domain regions from the four human JAK 

isoforms. The lettering above the alignment indicates secondary structural elements. 

The residues corresponding to Ser515 and Ser518 in JAK1 are underlined and in bold, 

and the conserved Ser residues in JAK2, JAK3, and Tyk2 equivalent to Ser518 are in 

bold and marked with an asterisk. Box highlights the sequence surrounding the 

conserved Ser residue in each JAK isoform and is colour-coded to show conformity 

to the AMPK phosphorylation consensus sequences indicated below [60]. Lower - 

Structure of the human JAK1 FERM-SH2 fusion (Protein Data Bank: 5IXD) [154]. 

Zoom: Location of Ser518 within the B helix immediately downstream of the EF loop 

in the SH2 domain. The A and B loops present in all SH2 domains are also 

indicated. Figure adapted from Rutherford et al. [64]. 


