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Janus Kinase 2 (Jak2) is one of four members of the Janus family of non-receptor tyrosine 

kinases.  Jak2 plays a role in many physiologically relevant cellular signaling pathways and 

provides an essential link between the cell membrane and the nucleus.  In the years since its 

discovery, Jak2 has been linked to a number of different disease states, including diabetes, 

atherosclerosis, cancer, and heart disease.  These links underscore the need to fully understand 

Jak2 function.  Like all proteins, the structure of Jak2 is intimately tied to its function.  In this 

dissertation, we investigated two structural elements in the Jak2 kinase domain that significantly 

impact its function.  Tyrosine 972 (Y972) is a phosphotyrosine within the Jak2 kinase domain.  

We demonstrated that the loss of Y972 phosphorylation significantly affected elements of Jak2 

function like autophosphorylation and ligand dependent signaling processes.  However, we also 

determined that the loss of Y972 phosphorylation did not irreversibly affect Jak2 function.  We 

also investigated Serine 1120 in the Jak2 kinase domain.  The mutation of this residue to Alanine 

significantly hindered several elements of Jak2 function, including autophosphorylation, growth 

hormone dependent signal transduction, and Jak2 dependent gene transcription.  Through the 

investigation of these sites, we learn more about the critical connection between Jak2 structure 

and its function.   



 

11 

CHAPTER 1 
INTRODUCTION1 

Signal Transduction and the Jak/STAT Family 

In multicellular organisms, the ability of cells to communicate with one another is 

absolutely essential for the coordination of physiological processes.  Most of the major human 

health issues in our society today have their foundations in aberrant cell signaling.  For instance, 

diabetes mellitus is the result of either a lack of sensitivity to the biological message of insulin or 

the failure to produce this message in the first place.  All forms of cancer, regardless of their 

tissue of origin, are commonly defined by dysfunctional cellular growth signaling.  Finally, the 

progression of cardiovascular disease is inextricably linked to pathological signaling events in 

the vascular wall and the myocardium.  These examples highlight the fact that a profound 

understanding of cellular signaling pathways is absolutely critical to our ability to combat the 

major human health issues of our time.  

Discovered in the early 1990’s, the Janus family of tyrosine kinases is an indispensable 

component of cellular communication.  This family consists of four members; Jak1, Jak2, Jak3, 

and Tyk2.  Jak1, Jak2 and Tyk2 are ubiquitously expressed while Jak3 is mainly expressed in 

hematopoietic cells.  Through a series of protein phosphorylation events, these kinases relay the 

message represented by receptor/hormone binding at the cell surface to the cell nucleus.  The 

ultimate outcome of Janus kinase dependent signal transduction is alteration of gene 

transcription patterns in the nucleus.  This dissertation will focus on Janus Kinase 2 (Jak2) and 

the structure-function relationship that governs this protein’s role in cellular communication.  

Specifically, we will discuss two investigations into Jak2 structural elements.  We will then 

discuss then discuss the relevance of these findings to several Jak2 dependent disorders.  

                                                 
1 A portion of Jak2 and Reactive Oxygen Species: A Complex Relationship is reprinted with permission from 
Bentham Science Publishers Ltd. 
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Janus Kinase 2 

In 1991, shortly after the discovery of the first member of the Janus Kinase family, the 

Jak2 gene was cloned (1).  It was identified as a member of the Janus family by virtue of its 

possession of both a kinase and pseudokinase domain, a trademark feature of the Jak family (1). 

Initially, Jak2 was characterized as a mediator of cytokine and growth factor signaling (2).  In 

1993, erythropoietin (Epo) was identified as the first ligand to activate Jak2 by binding to the 

Epo receptor (3). Subsequent studies implicated Jak2 in the signaling pathways of growth 

hormone, interleukin 3, interferon gamma, prolactin, and the GP130 receptor (4-8).  Thus, the 

early history of Jak2 only portrays it as a mediator of cytokine signaling. 

As time passed, accumulating evidence subverted this narrow view of Jak2 and revealed 

that it is a much more versatile signaling mediator than previously imagined.  In 1994, it was 

shown that Jak2 can be activated in response to thrombin, a ligand that binds a seven-

transmembrane receptor.  This report was a significant development in the Jak2 field as it was a 

departure from the original cytokine model of Jak2 activation.  It linked Jak2 activation to a 

whole new set of cellular processes, like G-protein coupled receptor activation, 

diacylglycerol/PKC signaling, and cellular changes in IP3/Ca+2 (9).  In 1995, this trend was 

continued by discovery that angiotensin II, acting through the AT1 receptor, could activate Jak2 

(10). 

The relevance of Jak2 to human health grew steadily with every new discovery.  Each new 

pathway in which Jak2 was implicated bolstered its image as a therapeutic target.  For instance, 

the connection of Jak2 to both thrombin and angiotensin II signaling makes it an attractive target 

for treating atherosclerosis, a disease in which both of these pathways have been shown to play 

roles.  One of the most monumental developments in the history of the Jak2 field was the 

discovery in 1998 that Jak2 could be activated by reactive oxygen species (11).  This finding 
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situated Jak2 within the field of oxidative stress signaling, an ever-growing subfield within the 

signal transduction literature.  It also exponentially increased its pathological relevance as so 

many prominent human health issues have their foundations in oxidative stress.  Another major 

event in the Jak2 field came in 2005, with the discovery of the Jak2 V617F point mutation and 

its relevance to myeloproliferative disorders (12).  This finding cemented the position of Jak2 as 

a molecule that is critical to human health in many different ways.   

By elucidating the links between Jak2 and human health, the history of Jak2 readily 

highlights the need for the continuing study of this protein.  In order to further our understanding 

of the role of Jak2 in human pathology, we must first understand the intricacies of Jak2 function 

on the molecular and cellular levels.  Therefore, the next two sections will be discussions of Jak2 

structure and signaling.  The relationship between structure and function is the dominant force 

that governs all Jak2 interactions.  Upon this intrinsic foundation, the extrinsic elements that 

compose Jak2-dependent signaling combine to link the basic biochemical process of 

phosphorylation to the larger realm of cellular physiology and ultimately, human health as a 

whole.   

Jak2 Structure 

Like all proteins, the structure of Jak2 dictates its function.  In the years since Jak2 was 

discovered, Jak2 structure has been studied intensely in an effort to identify elements that have 

profound functional implications for this protein.  This endeavor is necessary if we are to fully 

understand the role of Jak2 in human physiology and pathophysiology.  Thus, the following 

sections are devoted to a discussion of Jak2 structure and its intimate relationship with Jak2 

function.  Specifically, we will discuss 1.) the organization of Jak2 primary structure into Jak 

Homology domains, 2.) functionally important amino acid residues (non-tyrosine), and 3.) 

phosphotyrosine elements of Jak2 functional regulation. 
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Jak Homology (JH) Domains 

The primary structures of all Jak family members share seven regions of structural 

similarity termed Jak Homology (JH) domains (Fig.1).  The JH domains are definitive structural 

features of the Jak family.  The JH1 domain is located on the c-terminal end of the molecule and 

possesses the kinase activity of the protein.  Immediately n-terminal to the JH1 domain is the 

JH2, or pseudokinase domain.  This domain is an inverse replicate of the kinase domain.  Its 

juxtaposition to the JH1 domain is the source of “Janus” family name as this arrangement is 

reminiscent of Janus, the two-faced Roman god.  The pseudokinase domain lacks kinase 

function, but it is thought to inhibit the kinase function of the JH1 domain (13).  The JH3-JH4 

domains encode a putative SH2 domain.  Finally, the JH6-JH7 domains compose the FERM 

domain, which has been shown to be necessary for Jak/receptor interactions.  Within these seven 

regions, several amino acid residues have been identified as being important for regulating 

proper Jak2 function.  These amino acids can be broken up into two classes; non-tyrosine 

residues and phosphotyrosines. 

Non-tyrosine residues important for Jak2 function 

Several amino acid residues within the kinase and pseudokinase domain have been 

identified as being critical for maintaining proper Jak2 function.  In the Jak2 kinase domain, 

E1024 and R1113 are thought to form a hydrogen bond that is important for the ability of Jak2 to 

mediate angiotensin II signaling (14).  These residues were also shown to be important for 

ligand-independent Jak2 autophosphorylation (14).  Glutamic acid 1024 is also thought to 

interact with W1020 and disruption of this interaction has been shown to produce an inhibitory 

phenotype in Jak2 (14).  Similarly, the interaction between W1038 and E1046 has also been 

shown to be important for preventing an inhibitory Jak2 phenotype (15).  Finally, E1046 by itself 
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has been shown to be important for Jak2 kinase function (16).  The effects of mutating these 

amino acids underscore the delicate nature of the structural integrity of the Jak2 kinase domain.  

 In addition to these residues, structural elements within the pseudokinase domain also play 

a critical role in maintaining proper Jak2 function.  Whereas disruption of the kinase domain has 

been shown to produce a loss of function, structural anomalies in the pseudokinase domain tend 

to have the opposite effect of enhancing Jak2 function.  A possible explanation for this 

phenomenon is that the pseudokinase domain is normally thought to inhibit Jak2 kinase function 

(17).  Thus, structural abnormalities in this domain may relieve the inhibition.  The Jak2 V617F 

point mutation is the most notable structural abnormality in the pseudokinase domain. 

Discovered in 2005 in patients with myeloproliferative disorders, this mutation is the result of an 

acquired G to T transversion in the Jak2 allele. The mutation leads to constitutive Jak2 

phosphorylation and causes cellular hypersensitivity to cytokine stimulation, especially by 

erythropoietin (17).  The V617F mutation was also linked to increases in gene expression of 13 

genetic markers of polycythemia vera, a myeloproliferative disorder (18).  In fact the V617F 

mutation is itself considered a marker for polycythemia vera, as nearly all patients with this 

disease have the V617F mutation (17).  Thus, the Jak2 V617F mutation and its physiological 

consequences underscores the importance of the Jak2 structure/function relationship. 

Tyrosine residues important for Jak2 function 

Autophosphorylation is a central biochemical process in Jak2 signaling.  This event 

transcends differences in cell type, receptor type, and activating stimulus as one of the common 

elements that binds all Jak2-dependent signaling pathways together.  There are 49 tyrosine 

residues in Jak2 and currently, at least eight of these residues are known to be phosphorylated 

(Y119, Y201, Y221, Y570, Y813, Y966, Y1007, Y1008).  Most of these sites play important 

roles in regulating Jak2 function.  The first sites to be discovered were Y1007 and Y1008 (19).  
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These two tyrosines are phosphorylated in tandem, but only Y1007 has been shown to be 

important for Jak2 function.  Tyrosine 1007 lies in the Jak2 activation loop, a substructure that 

blocks the ATP binding site of the kinase domain when Jak2 is inactive.  When Y1007 is 

phosphorylated, the activation loop shifts and Jak2 becomes capable of transferring the γ 

phosphate from ATP to one of its substrates.  Therefore, it is thought that Y1007 

phosphorylation is necessary for maximal Jak2 activation (19).   

Phosphotyrosines also regulate Jak2 function by serving as binding sites for Jak2 

regulatory proteins.  For instance, members of the Suppressors of Cytokine Signaling (SOCS) 

protein family bind to phosphorylated Y1007 in order to terminate Jak2 signaling (20).  Tyrosine 

813 is another example of a protein binding site. In this case, phosphorylated Y813 serves as a 

binding site for SH2B-β, a potent Jak2 activator (21).  This protein is capable of binding to Jak2 

at other sites.  However, these interactions produce an inhibitory effect with respect to Jak2 

activation.  It is the binding event at Y813 that produces SH2B-β dependent Jak2 activation.   

Tyrosines 221 and 570 have been shown to modulate Jak2 kinase function (22).  These 

residues were shown to be phosphorylated in response to growth hormone treatment (22).  

Phosphorylation of Y221 was shown to increase Jak2 kinase activity while Y570 

phosphorylation was shown to decrease kinase activity (22).  Interestingly, Y570 is located 

within the Jak2 pseudokinase domain and the fact that its phosphorylation decreases Jak2 kinase 

activity strengthens the argument that the pseudokinase domain is responsible for inhibiting the 

Jak2 kinase domain. 

Tyrosines 201 and 119 are located within the Jak2 FERM domain.  As such, they are both 

associated with receptor/Jak2 interactions.  Our laboratory has shown that the phosphorylation of 

Y201 is a necessary precursor for Jak2 interaction with the AT1 receptor (23). This tyrosine 



 

17 

serves as a binding site for SHP-2, a tyrosine phosphatase (23).  This protein then serves as an 

adaptor for Jak2 interaction with the AT1 receptor (23).  In contrast, Y119 plays a negative role 

in Jak2/receptor interactions.  Specifically, the phosphorylation of Y119 has been shown to cause 

the dissociation of Jak2 from the erythropoietin receptor (24).   

 In summary, phosphotyrosines play diverse roles in regulating Jak2 function.  

Phosphorylation events can have both positive and negative consequences with regard to the 

propagation of a Jak2-dependent signal.  Thus far, we have mainly discussed the intrinsic 

elements that play important roles in regulating Jak2 function.  However, Jak2 does not exist in a 

vacuum and several external factors influence Jak2 function as profoundly as the structural 

elements previously discussed.  Therefore, in the next section, we will discuss the external 

factors that compose a Jak2-dependent signaling pathway. 

Jak2-Dependent Signaling 

 The primary cellular role of Jak2 is to relay signals from the cell surface to the nucleus.  

The versatility of Jak2-dependent signaling arises from the fact that many different proteins 

participate in this signaling process, allowing for a wide range of combinations to produce a 

unique signal.  Included in this list of proteins are cell-surface receptors, adaptor/regulatory 

proteins, and members of the Signal Transducers and Activators of Transcription (STAT) family.  

These proteins are all critical components of Jak2-dependent signaling.   

Jak2 Activation-Ligand Dependent vs. Ligand Independent 

Autophosphorylation is a central component of Jak2 dependent signaling.  It is important 

to remember that, in addition to being a kinase, a Jak2 protein is also a substrate for other Jak2 

proteins.  Under normal physiological conditions, Jak2 activation must be achieved with the aid 

of an external signaling component, such as a cell surface receptor.  However, when Jak2 is 

expressed at levels that exceed those seen in normal physiology, it is capable of activating itself 
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in the absence of external stimulation.  This process is termed ligand independent activation and 

it is primarily a biochemical phenomenon.  While ligand independent activation does not have 

the physiological relevance of ligand dependent activation, it is a useful trait that is exploited to 

study the intrinsic biochemical function of Jak2.  In this dissertation, we use both ligand 

dependent and ligand independent methods of activating Jak2.  Our ligand independent 

experiments were done to evaluate the manner in which structural changes affect the inherent 

activity of Jak2.  Ligand dependent experiments were then performed to extrapolate these effects 

to larger biochemical systems, represented by Jak2 dependent signaling pathways.   

Cell Surface Receptors 

Jak2-dependent signaling begins with ligand/receptor interactions at the cell surface.  

Hormones like angiotensin II and growth hormone represent information that is being relayed 

from one cell to another.  When these hormones bind to their cell-surface receptors, the receptors 

activate Jak2-dependent signaling pathways, ultimately transforming this extracellular 

information into cellular changes in gene transcription.  Jak2 is activated by three different types 

of cell-surface receptors; cytokine receptors, tyrosine kinase growth factor receptors, and G-

protein coupled receptors (GPCRs).   

Cytokine receptor signaling 

The most well-understood model of Jak2-dependent signaling is the cytokine model.  In 

this model, Jak2 is constitutively bound to the cytokine receptor through receptor/FERM domain 

interactions (25,26).  Cytokine receptors, like the growth hormone receptor are thought to exist 

as dimers that undergo conformational changes as a result of ligand/receptor association (27).  

These changes include rotations of the cytokine receptor subunits that are thought to put the 

constitutively associated Jak2 molecules in close proximity to one another (27).  This process is 

thought to facilitate Jak2 autophosphorylation (27).  Jak2 then phosphorylates the cytoplasmic 
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tail of the cytokine receptor, allowing for the recruitment of STAT proteins to the receptor (27).  

The recruited STAT proteins are phosphorylated by Jak2.  The phosphorylated STAT proteins 

dimerize through reciprocal SH2 domain interactions.  These STAT dimers then translocate to 

the nucleus, where they bind promoter elements and alter gene transcription patterns.  

GPCR signaling 

The GPCR model of Jak2-dependent signaling is a much more recent development than 

the cytokine model.  Unlike cytokine receptors, GPCRs are not composed of dimerized subunits.  

Rather, these receptors consist of a single polypeptide chain that spans the plasma membrane 

seven times and have both intracellular and extracellular components (28).  The intracellular tail 

of the receptor is coupled to a hetorotrimeric G protein (28).  These guanosine nucleotide binding 

proteins are composed of 3 subunits: α, β, and γ. 

As in the cytokine model, the initial event in the GPCR model is a ligand/receptor 

association at the cell surface.  Through a series of conformational changes, this event is 

translated into the GPCR-dependent activation of the coupled G-protein (28).  The G protein 

then divides into α and βγ subunits.  These subunits can then activate cytoplasmic Jak2 

molecules (29,30).  Upon activation, the cytoplasmic Jak2 proteins bind to the cytoplasmic 

portion of the receptor tail via their FERM domains.  Thus, this model differs from the cytokine 

model in that the Jak2 molecules are not constitutively bound to the intracellular portion of the 

receptor.  Another key difference between the two models is that, in the GPCR model, STAT 

proteins are thought to be recruited to phosphotyrosines on Jak2 as opposed to the cytokine 

model, in which they are recruited to sites on the cytoplasmic tail of the cytokine receptor.  Once 

recruited, STAT proteins are phosphorylated by Jak2 and the subsequent events are the same as 

those in the cytokine model. 
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 While the GPCR model is not as well-characterized as the cytokine model of Jak2-

dependent signaling, the evidence that has accumulated has shown this model to be quite 

versatile.  In contrast to the cytokine model, which outlines one general mechanism for Jak2 

activation by this class of receptors, the GPCR model incorporates multiple modes of Jak2 

activation.  In rat aortic smooth muscle cells, it has been shown that Jak2 can be activated by the 

Gβ subunit of heterotrimeric G proteins coupled to the AT1 receptor (31).  Additionally, there is 

evidence of Jak2 activation by the Gαq subunit of G proteins (29).  Finally, there is evidence that 

GPCRs, like the AT1 receptor, can activate Jak2 through a calcium-dependent signaling pathway 

involving the tyrosine kinase PYK2 (31).  These different modes of activation add a great deal of 

diversity to the GPCR model.  As more GPCRs are found to activate Jak2, it will be interesting 

to see the mode of activation used by each.   

Adaptors and Regulatory Proteins 

 While the backbone of Jak2-dependent signaling is composed of receptors, Jak2 and 

STAT proteins, several other protein families play modulatory roles in Jak2-dependent signaling.  

The three main protein families are the SHP phosphatase family, the SH2B family, and the 

SOCS family.  Members of each of these families combine to modify the basic 

receptor/Jak2/STAT signaling axis.  

SHP phosphatase family 

The SHP phosphatase family consists of two members: SHP-1 and SHP-2.  These tyrosine 

phosphatases contain two SH2 domains and a phosphatase domain. This protein family 

represents a versatile component of Jak/STAT signaling as it has been implicated in both 

facilitative and negative regulatory mechanisms in Jak2-dependent pathways.  For instance, 

while SHP-1 has been shown to act as a classical phosphatase in the context of angiotensin II 

signaling, SHP-2 has also been shown to assist angiotensin II-dependent Jak2 activation (23).  



 

21 

Specifically, our lab has shown that SHP-2 binds to Y201 in the Jak2 JH7 domain and facilitates 

Jak2/AT1 receptor co-association (23).  However, SHP-2 can also function as a classical 

phosphatase and has been shown to dephosphorylate Y1007 in Jak2 (32).  In the case of prolactin 

signaling, this event leads to decreased Jak2 inhibition via SOCS-1 and thus enhancement of the 

prolactin signal (32).  SHP-2 can also play a negative regulatory role and has been shown to 

dephosphorylate both the growth hormone receptor and STAT5, leading to the termination of the 

Jak/STAT signal (33).  In hematopoietic stem cells, SHP-2 dependent STAT5 dephosphorylation 

is important for regulating cell survival (33).  Thus, these phosphatases play diverse regulatory 

roles with regard to Jak2-dependent signaling 

SH2B family 

The SH2B protein family consists of three members: APS, Lnk, and SH2B (34).  Each 

family member possesses an SH2 domain, a pleckstrin homology domain, and a dimerization 

domain (34).  There are several different isoforms of the SH2B protein, and the SH2B-β isoform 

is known to bind Jak2 at phosphorylated Y813 (21).  SH2B-β is a potent Jak2 activator and has 

been shown to enhance growth hormone-dependent Jak2 activation (21).  It is thought that 

SH2B-β promotes Jak2 activation by facilitating Jak2 dimer formation (35).  Interestingly, 

SH2B-β plays a dual role as it can both inhibit and promote Jak2 activation.  Jak2 activation is 

achieved through the SH2 domain-dependent interaction with Y813 while inhibition is thought to 

occur through a non-SH2 domain-dependent interaction with Jak2 (34).  The current model of 

Jak2/SH2B-β interaction suggests that non-Y813 dependent interactions keep SH2B-β in close 

proximity to Jak2 in the event that Y813 becomes phosphorylated (34).  Once this 

phosphorylation event occurs, the SH2 domain of SH2B-β binds phosphorylated Y813 (34).  

SH2B-β then enhances Jak2 activation.   
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SOCS Family 

 Members of the Suppressors of Cytokine Signaling (SOCS) family are inducible 

repressors of Jak/STAT signaling.  As their name implies, these proteins were first characterized 

as inhibitors of Jak2-dependent signaling in response to cytokine activation (36).  However, it 

has also been shown that SOCS-3 expression is inducible by angiotensin II, suggesting that these 

proteins may also inhibit GPCR-dependent Jak/STAT signaling (37).  SOCS protein expression 

is induced by the propagation of a Jak/STAT signal (36).  SOCS proteins then bind to Jak2 at 

phosphorylated Y1007 and promote ubiquitin-mediated degradation (20).  These proteins also 

inhibit Jak/STAT signaling at the level of STAT proteins.  It has been shown that SOCS-7 can 

inhibit both STAT3 and STAT5 phosphorylation (38). 

Reactive oxygen species 

As previously mentioned, it was discovered in 1998 that Jak2 is activated in response to 

the presence of reactive oxygen species (ROS) (11).  It is thought that ROS indirectly activate 

kinases by reversibly inactivating phosphatases, which then leads to kinase activation (39).  

Cellular sources of ROS include membrane bound enzymes like NADPH oxidase, the 

mitochondria, and oxidized lipids.  The field of ROS signaling is rapidly growing and the 

traditional view of these molecules as mere byproducts of cellular respiration is becoming 

increasingly archaic.  It is clear that these species play a critical role in relaying cellular 

information and have even been compared to traditional second-messenger molecules.  

Therefore, the next sections will discuss the role of ROS-dependent Jak2 signaling in several 

prevalent human diseases, as outlined in the review, Jak2 and Reactive Oxygen Species: A 

Complex Relationship (40) 
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Jak2 and ROS Pathology 

Diabetes 

Diabetes mellitus is a complex set of disorders that are intertwined by the common thread 

of poor glucose metabolism.  At the heart of this condition is the peptide hormone insulin.  Type 

I diabetes is characterized by an inability to secrete insulin from pancreatic beta cells.  In the case 

of Type II diabetes, it is the ability of cells to respond to insulin that has been compromised.  In 

both cases, the lack of insulin action results in abnormally high blood glucose levels.  Ultimately, 

all diabetic complications can trace their lineage back to this hyperglycemic state.  These effects 

include, but are not limited to, macular degeneration, renal disease, atherosclerosis, and heart 

disease.  Therefore, it is imperative that diabetic patients properly control their blood glucose 

levels.  While this is obviously the first and most important line of defense against diabetic 

complications, understanding the mechanisms behind diabetic pathologies will greatly facilitate 

the development of therapeutics.  The interaction between ROS and Jak2 is a significant 

component of the mechanisms behind a number of these complications. In this section, we will 

discuss the implications of the Jak2/ROS relationship for the development of diabetic 

nephropathy and diabetic cardiomyopathy. 

Diabetic nephropathy 

Diabetic nephropathy is a disorder of the renal glomerulus that is characterized by the 

development of glomerular lesions (41).  This disease is the most common precursor to End 

Stage Renal Disease (41).  The early phase of diabetic nephropathy is denoted by extracellular 

matrix accumulation, renal fibrosis, and cellular mitogenesis (41).  Increases in protein levels of 

TGF-β, fibronectin, and collagen IV are important early markers of these processes (42,43).  The 

evidence for the involvement of a Jak2/ROS interaction in diabetic nephropathy is compelling.  

Jak2 has been shown to be responsible for increases in these proteins in glomerular mesangial 
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cells in response to hyperglycemia (42,43).  Furthermore, hyperglycemia-enhanced Jak2 

activation has been shown to increase cell proliferation in glomerular mesangial cells (43).  Thus, 

Jak2 has been implicated in the key transcriptional and proliferative events of diabetic 

nephropathy.   

The notion that these events are ROS-dependent is strongly suggested in the literature. The 

hyperglycemia-induced ROS mechanisms that play prominent roles in the development of 

diabetic nephropathy are the polyol pathway and Advanced Glycation Endproducts (AGEs).  

AGEs are important indicators of cellular oxidative stress levels.  Not only is AGE production 

facilitated by ROS, but AGEs can further increase ROS levels through interactions with 

scavenger receptors.  AGEs were found to increase TGF-β, fibronectin, and collagen IV 

synthesis in glomerular mesangial cells (44).  Furthermore, these increases were found to be 

ROS-dependent as they were inhibited by the antioxidant, vitamin E succinate (44). Treatment of 

mesangial cells with an aldose reductase inhibitor effectively blocked AGE-mediated increases 

in TGF-β and collagen IV levels, strongly suggesting an interplay between AGEs and the polyol 

pathway (45).  It was also shown that the AGE-dependent increases in TGF-ß and fibronectin are 

mediated by the AT1 receptor, a known Jak2 activator (46).  Finally, it was shown that AGE-

induced Jak2 activation led to increased cellular mitogenesis in renal fibroblasts, an aggravating 

factor for diabetic nephropathy (47). 

In summary, Jak2 has been implicated in the major gene expression events associated with 

diabetic nephropathy.  Hyperglycemia provides the link between Jak2 and ROS in this disorder.  

The hyperglycemic condition results in ROS production through increased polyol pathway flux 

and production of AGEs.  These two ROS sources have been linked to the same gene expression 

events that Jak2 has been implicated in.  AGE effects have been shown to be mediated by the 
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AT1 receptor, a well-known upstream element of Jak-STAT signaling.  Finally, AGEs have been 

shown to mediate Jak2 activation in renal fibroblasts and further aggravate diabetic nephropathy 

through increased cellular proliferation.  Thus, the evidence linking a Jak2/ROS interaction to 

the progression of diabetic nephropathy is very substantial.  While the current literature links 

Jak-STAT signaling to ROS sources like AGEs and the polyol pathway, there have been no 

direct links between ROS levels and Jak2 activation in diabetic nephropathy.  Studies utilizing 

antioxidant therapy in attempts to block Jak2-dependent increases in TGF-ß, collagen IV, 

fibronectin, and cell proliferation associated with diabetic nephropathy would be excellent 

additions to this field.   

Diabetic cardiomyopathy 

Diabetic complications are quite pervasive and can develop in many different organ 

systems.  While diabetic nephropathy has severe health consequences, cardiovascular 

complications produce the bulk of the mortality associated with diabetes mellitus.  Diabetic 

cardiomyopathy is a one such complication.  This disorder is characterized by a loss of 

ventricular function, cardiac hypertrophy, and cardiac fibrosis (48).  Ultimately, the progression 

of this disease results in heart failure.  

 Hyperglycemia-induced oxidative stress plays a central role in the development and 

progression diabetic cardiomyopathy.  Hyperglycemia-induced ROS production has been linked 

to cell death in both cardiomyocytes and cardiac stem cell populations, reducing the contractile 

function of the heart and its regenerative capacity (48,49).  ROS-dependent signal transduction 

events that contribute to diabetic cardiomyopathy include the upregulation of scavenger 

receptors for AGEs, reduced levels of the cardioprotective transcription factors HAND and 

MEF-2, and a shift in myosin heavy chain isoforms from alpha myosin heavy chain to the beta 
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myosin heavy chain (50).  The endogenous antioxidant dehydroepiandrosterone effectively 

suppressed these changes (50). 

In contrast to diabetic nephropathy, diabetic cardiomyopathy is a disease in which the role 

of the Jak2/ROS relationship is much less clear.  It has been shown that hyperglycemia-induced 

ROS production activates Jak2 in failing cardiomyocytes in an AT1 receptor-dependent manner 

(51).  Furthermore, high glucose was determined to be a necessary prerequisite for angiotensin 

II-dependent Jak2 activation in non-failing myocytes (51).  However, when investigating the 

functional alterations of cardiomyocytes in diabetic cardiomyopathy, such as increases in time to 

peak shortening (TPS) and time to 90% relengthening (TR90), it was found that Jak2 inhibition 

via AG490 did not affect these increases (52).  Collectively, these lines of evidence suggest that 

ROS-mediated Jak2 activation may not play a role in the early development of diabetic 

cardiomyopathy.  Rather, this mechanism may only become a significant factor in advanced 

cardiomyopathy, when cardiomyocytes have begun to fail. 

Atherosclerosis 

Atherosclerosis has become a major health concern in developed countries.  This 

cardiovascular disorder is characterized by the presence of arterial lesions (53).  These lesions 

often develop into fibrous plaques that protrude into the arterial lumen (53).  The plaques are 

composed of a number of different cell types, including vascular smooth muscle cells and lipid-

packed macrophages known as foam cells (53).  Atherosclerotic plaques that become unstable 

may rupture and release their contents into the vessel lumen (53).  This event can lead to the 

formation of blood clots.  In the coronary circulation, these clots can impede blood flow, causing 

an acute myocardial ischemic event (53).   

There is an abundance of evidence that suggests that Jak2 plays a ROS-dependent, 

facilitative role in the progression of atherosclerosis.  The complexity of this role is unique 
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because it relies on both cellular proliferation and apoptosis to achieve the progression of 

atherosclerosis.  Vascular smooth muscle cell proliferation is a necessary component of early 

atherosclerotic development (53).  ROS have been shown to significantly induce vascular 

smooth muscle cell proliferation (54).  In a study utilizing hydrogen peroxide as a source of 

oxidative stress, it was shown that vascular smooth muscle cells responded to ROS with an 

increase in activity of the proliferative ERK2 signaling pathway (55).  Furthermore, ROS also 

induced an increase in the expression of Heat Shock Protein 70 (HSP70), a protein that possibly 

contributes to the proliferative phenotype by countering the pro-apoptotic process of protein 

aggregation (56).  The Jak2 inhibitor, AG490, achieved partial blockade of ERK2 activation and 

complete inhibition of HSP70 induction, suggesting that Jak2 plays a significant role in this 

proliferative mechanism (56). 

  Thrombin, a known mitogen for vascular smooth muscle cells, elicits its proliferative 

effect through the same mechanism described for that of hydrogen peroxide (56).  

Pharmacological Jak2 inhibition reinforced the role of Jak2 in ERK2 activation and HSP70 

expression (56).  Furthermore, Jak2 inhibition was directly linked to a complete eradication of a 

thrombin-mediated increase in vascular smooth muscle cell proliferation (56).  Thrombin-

induced Jak2 activation was substantially inhibited by a number of different antioxidants, 

strongly suggesting that ROS mediate thrombin-induced Jak2 activation (56).  Angiotensin II is 

another potent mitogen for vascular smooth muscle cells.  It was shown that the antioxidant 

caffeic acid reduced angiotensin II dependent increases in superoxide production and 

proliferation in vascular smooth muscle cells (57).  This compound also blocked angiotensin II-

dependent Jak2 activation, suggesting that angiotensin II affects vascular smooth muscle cell 

proliferation through ROS-dependent Jak2 activation (57).  Collectively, these lines of evidence 
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strongly suggest that Jak2 plays a critical role in mediating ROS-dependent vascular smooth 

muscle cell proliferation. 

Although important, increased vascular smooth muscle cell proliferation does not tell the 

entire story of atherosclerosis.  Apoptosis, or programmed cell death, is also an important factor 

in the progression of this disease.  It is thought that vascular smooth muscle cell apoptosis in 

mature atherosclerotic plaques contributes to plaque instability (58).  Unstable plaques are more 

likely to rupture, spilling their thrombotic contents into the arterial lumen (58).  In an interesting 

contrast to the evidence above, oxidative stress has also been shown to be an apoptotic factor for 

vascular smooth muscle cells (58).  Specifically, it was shown that oxidized low-density 

lipoprotein induced ROS production and apoptosis in vascular smooth muscle cells (58).  

Antioxidant treatment ameliorated the apoptotic effect (58).  A separate study demonstrated that 

oxidized low-density lipoprotein can activate Jak2, suggesting that the effect seen in vascular 

smooth muscle cells may be Jak2-dependent (59).  Our lab elucidated a direct link between Jak2 

activation and oxidative stress-dependent apoptosis in vascular smooth muscle cells (60).  

Specifically, it was shown that Jak2 inhibition abolished hydrogen peroxide-induced apoptosis in 

vascular smooth muscle cells (60).  Finally, Jak2 was also linked to ROS-dependent apoptosis in 

aortic endothelial cells, suggesting that the Jak2/ROS interaction may also play a role in 

endothelial dysfunction, an important initiating event of atherosclerosis (61). 

In summary, the current literature attributes a pathogenic role to the Jak2/ROS interaction 

in atherosclerosis.  Jak2 appears to be a critical factor in both the pro-apoptotic and proliferative 

effects of ROS. Interestingly, Jak2 mediated the detrimental effects of ROS at both the early and 

late stages of atherosclerosis, as well as in different cell types.  These findings suggest that Jak2 

may be an important therapeutic target in the treatment of atherosclerosis.   



 

29 

Cardiac Ischemia-Reperfusion Injury 

Cardiovascular disease is a serious health concern in the developed world.  Within this 

disease category is myocardial Ischemia/Reperfusion (I/R) injury.  This insult involves the loss 

and subsequent restoration of coronary blood flow to the myocardium.  The loss of coronary 

blood flow may result from atherosclerotic lesions, blood clots, or surgical procedures like heart 

transplants.  While restoring blood flow to the myocardium is clearly necessary, reperfusion is 

also thought to be the trigger for much of the apoptosis and necrosis that is characteristic of I/R 

injury.  The prevailing view in the I/R field is that reperfusion causes significant ROS production 

and that this oxidative stress is a significant mediator of I/R injury.   

The importance of ROS in I/R injury is undeniable and well-documented in the literature.  

In a rat model of I/R injury, administration of the antioxidant dioclein prior to the induction of 

I/R injury significantly reduced ROS levels after I/R injury and prevented the development of 

post I/R arrythmias (62).  In another study, the antioxidant lycopene was shown to be effective at 

restoring Mean Arterial Pressure and Heart Rate after I/R injury (63).  Resveratrol, an 

antioxidant found in red wine, was found to reduce infarct size after I/R injury (64).  Finally, 

Vitamin C was shown to inhibit ROS production and apoptosis in a hypoxia-reoxygenation 

model of I/R injury (65). 

The relationship between ROS and Jak2 in the context of I/R injury is very complex.  The 

I/R literature contains several examples in which Jak2 serves a cardioprotective function.  The 

phenomenon of Ischemic Preconditioning (IPC), in which the myocardium is protected by 

exposure to several short ischemic episodes prior to a larger ischemic event, is a prominent 

example of a Jak2-dependent, cardioprotective mechanism. In a mouse model of I/R injury, 

ischemic preconditioning was found to increase Jak2, STAT1, and STAT3 phosphorylation 

levels (66).  Furthermore, pharmacological blockade of Jak-STAT signaling via AG490 was 



 

30 

shown to eliminate the IPC-dependent reduction in infarct size (66).  In addition to being Jak2-

dependent, IPC is also ROS-dependent as its beneficial effects on the myocardium can be 

inhibited by antioxidant pretreatment (67).  With the knowledge that Jak2 can be activated by 

ROS (11), these findings suggest that the free radicals produced by IPC activate Jak-STAT 

signaling to produce a cardioprotective phenotype. 

In addition to IPC, there are also examples of pharmacological preconditioning in which 

Jak2 may interact with ROS.  In an isolated rat heart model of I/R, it was found that pre-treating 

the hearts with TNF-α resulted in a reduction in infarct size (68).  Furthermore, proapoptotic 

proteins, such as the Bcl-2 agonist of cell death (BAD) were inhibited by TNF-α treatment (68).  

This protective mechanism was shown to be STAT3-dependent and the effects of TNF-α 

preconditioning were blocked by the Jak-STAT inhibitor, AG490 (68).  In a separate study, free 

radicals were shown to play a critical role in TNF-α preconditioning (69).  Thus, these studies 

bolster the link between ROS and Jak2 in the development of a cardioprotective phenotype.  

Angiotensin II preconditioning is characterized by effects similar to those seen in TNF-α 

preconditioning. Reductions in infarct size and cardiomyocyte apoptosis were both seen as a 

result of angiotensin II preconditioning in an isolated rat heart model (70).  Furthermore, these 

effects were shown to be dependent on ROS production from the membrane-bound enzyme, 

NADPH oxidase (70).  In a separate study, it was shown that the angiotensin II-NADPH oxidase 

pathway precedes Jak2-dependent activation of STAT1 and STAT3 in rat aortic smooth muscle 

cells (71).  Therefore, it is likely that Jak2, through its interaction with ROS, plays a role in 

angiotensin II preconditioning. 

Jak2 has been linked to several other cardioprotective pathways, including opioid-

dependent cardioprotection, IL-6 preconditioning, and granulocyte colony stimulating factor-
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dependent cardioprotection (72-74).  A common thread among all of the pathways mentioned 

above is the Jak2-dependent activation of STAT3 (66,68,70,71-74).  This commonality adds 

another dimension to the Jak2/ROS relationship in I/R injury.  While ROS may activate Jak2 in 

several cardioprotective pathways, Jak2 also appears to play a role in reducing myocardial 

oxidative stress through STAT3 activation.  STAT3 activation has been linked to increases in 

antioxidant proteins like metallothionein and manganese superoxide dismutase in response to I/R 

injury and hypoxia/reoxygenation, respectively (75,76).  In both cases, these increases led to 

significant reductions in intracellular ROS levels (75,76).  In the case of metallothionein 

upregulation, the STAT3 dependent increase in this protein led to a significant reduction in 

infarct size (75).  Therefore, Jak2 may offer a significant level of protection through STAT3 

activation.  Furthermore, with respect to the ROS-generating pathways (IPC, TNF-α, and 

angiotensin II), Jak2 could potentially mediate a negative feedback loop in which increased 

oxidative stress leads to enhanced antioxidant activity. 

The final twist in this Jak2/ROS interaction results from the finding that Jak2 does not 

always function in a cardioprotective manner.  It was recently shown that, in response to 

hypoxia-reoxygenation, Jak2 activation resulted in a significant increase in cardiomyocyte 

apoptosis (77).  Furthermore, Jak2 activation in response to hypoxia-reoxygenation was inhibited 

by the antioxidant dehydroascorbic acid, suggesting that oxidative stress is the activating 

stimulus (65).  This inhibition coincided with a decrease in cardiomyocyte apoptosis, bolstering 

the assertion that cardiomyocyte apoptosis in I/R injury is Jak2-dependent (65). 

In summary, the relationship between Jak2 and oxidative stress in the context of I/R injury 

is anything but straightforward.  Jak2 is an integral component of several cardioprotective 

pathways.  There is evidence to suggest that Jak2 activation mediates increased ROS scavenging 
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and is a necessary component in a number of ROS-dependent negative feedback loops.  

However, the evidence linking Jak2 activation to ROS-dependent cardiomyocyte apoptosis 

stands in sharp contrast to the cardioprotective hypothesis.  The reconciliation of these two roles 

may lie in the relationship between ROS and I/R injury.  While it is true that oxidative stress 

appears to be the main mediator of I/R injury, the studies discussed above also assert that free 

radicals can be beneficial in smaller doses.  In a study using a rabbit heart model of I/R injury, 

low doses of ROS given prior to the onset of I/R were determined to reproduce the 

cardioprotection afforded by IPC, suggesting that lower amounts of ROS are released by IPC 

than longer ischemic bouts (78).  Furthermore, ceramide, a molecule known to increase oxidative 

stress, has been found to exacerbate I/R injury in large doses and precondition the myocardium 

in low doses (79).  This example bolsters the assertion that ROS play a dual role in I/R injury.  

Interestingly, Jak2 activation appears to parallel the role of ROS in I/R injury in that mechanisms 

that generate smaller doses of ROS, such as IPC, elicit the cardioprotective effects of Jak2 

activation.  On the other hand, longer ischemic bouts, which presumably generate higher levels 

of ROS, evoke the detrimental effects of Jak2 activation. Thus, the Jak2/ROS interaction in I/R 

injury may be one in which Jak2 responds to the dose of ROS and not just the mere presence of 

oxidative stress.  This differential activation would be an interesting area for future studies in the 

I/R field. 
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Figure 1-1.  Jak Homology (JH) domains.  All four members of the Janus family share seven 
structural features in common.  They are termed Jak Homology domains.  The c-
terminal JH1 domain is the site of kinase activity.  The JH2 domain is known as the 
pseudokinase domain and has been shown to have an inhibitory effect on the JH1 
domain.  The JH3 and half of the JH4 domain encode a putative SH2 domain.  The 
FERM domain extends from the second half of the JH4 domain to the JH7 domain 
and facilitates Jak/receptor interaction. 
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CHAPTER 2 
METHODS 

In Silico Molecular Modeling of Jak2 

The Swiss Model program was used to generate a structure homology model of murine 

Jak2 based on the human Jak2 crystal structure (PDB code: 2B7A).  The Definition of Secondary 

Structure of Proteins (DSSP) program was used to calculate the solvent accessible surface areas 

of tyrosine 972 and serine 1120 (80). 

Mass Spectrometry 

 Using a vaccinia virus overexpression system, wild-type Jak2 protein was overexpressed 

in BSC-40 cells and purified as previously described (81).  The purified protein was then 

separated by SDS-PAGE, coommassie stained, excised from the gel and subjected to ms/ms 

mass spectrometry as previously described (81). 

Cell Lines 

Three cell lines were used to carry out these investigations; COS-7 cells, BSC-40 cells, and 

γ2A/GHR cells.  The COS-7 and BSC-40 cell lines both originate from the monkey kidney.  

Both of these cell lines exhibit very low endogenous Jak2 expression.  Thus, they both provide 

suitable backgrounds on which to carry out transient transfection studies.  The BSC-40 cells are 

more permissive to vaccinia virus infection than COS-7 cells.  Thus, they were used in favor of 

COS-7 cells for all overexpression assays.  The γ2A/GHR cells are mouse fibroblast cell that 

have been subjected to gamma irradiation.  These cells contain non-functional Jak2 alleles.  Our 

laboratory has stably transfected these cells with the growth hormone receptor.  Thus, they 

provide an excellent platform on which to carry out growth hormone signaling studies since they 

stably express the growth hormone receptor.   
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Cell Culture 

BSC-40 cells were grown in high glucose (4.5 g/L) DMEM supplemented with 10% 

newborn calf serum.  COS-7 cells were grown in high glucose DMEM supplemented with 10% 

fetal bovine serum.  γ2A cells that stably express the growth hormone receptor were cultured in 

low glucose (1g/L) DMEM supplemented with 10% fetal bovine serum, neomycin (0.2 mg/ml), 

and zeocin (0.1 mg/ml).  All cells were cultured at 37ºC and 5% CO2.  Cells treated with 

angiotensin II or growth hormone were growth-arrested with serum-free DMEM for 18 hours 

prior to treatment.   

Site-Directed Mutagenesis 

pRC-CMV Jak2 Y972F, pBOS Jak2 Y972F, pRC-CMV Jak2 S1120A, and pBOS Jak2 

S1120A were all made using the Stratagene QuikChange Mutagenesis protocol.  The sense 

primer sequence for  the Jak2 Y972F plasmids is 5'-

CTTGGTACAAAAAGGTTTATCCACAGGGACCTG.  The antisense primer sequence for 

these plasmids is 5'-CAGGTCCCTGTGGATAAACCTTTTTGTACCAAG.  For the Jak2 

S1120A plasmids, the sequence for the sense primer is 5’-

CTTCAGGGACCTTGCGTTCGGGTGGATCA.  The sequence for the antisense primer is 5’-

TGATCCACCCGAACGCAAGGTCCCTGAAC. DNA sequencing was used to verify all 

mutations. 

Transient Cell Transfections 

For each transfection, plasmid DNA and lipofectin were incubated in separate 0.5 ml 

aliquots of serum-free DMEM at room temperature for 0.5 hours.  Plasmid DNA and lipofectin 

were then combined and incubated at room temperature for 10 minutes.  During this incubation, 

the cells to be transfected were washed twice with PBS.  An additional 2 ml of serum-free 

DMEM was added to each DNA/Lipofectin solution and the 3 ml transfection mixture was then 
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pipetted onto a plate of cells.  All cells were returned to 37ºC incubation for five hours.  After 

five hours, transfection mixtures were then aspirated off of the cells and replaced with 5 ml of 

serum-containing DMEM and the cells were allowed to recover overnight.   

Immunoprecipitation  

Cells were washed twice with ice-cold PBS containing 1mM sodium orthovanadate.  The 

cells were then lysed with 900 ul of ice-cold RIPA buffer containing protease inhibitors and 

placed on ice.  Cellular lysates were harvested and briefly sonicated at 3.3 Hz.  The sonicated 

lysates were put on ice for 1 hour.  Lysates were then centrifuged at 16000 g for 5 min.  The 

supernatants were transferred to new tubes and the pellet was discarded.  Whole cell lysate 

samples were prepared by adding a 50 ul sample of each lysate to 15 ul of 4X SDS sample 

buffer.  The remainder of each lysate was used for immunoprecipitation.  Twenty microliters of 

Protein A/G beads (Santa Cruz Biotechnology) and 2 ug of the appropriate antibody were added 

to each lysate.  All immunoprecipitations were incubated at 4ºC with shaking for 4-18 hours.  

After incubation, immunoprecipitations were centrifuged at 7000 rpm for 2 min.  The 

supernatants were discarded and the pellets were washed with 1 ml of IP wash buffer, three 

times.  The protein A/G beads were then resuspended in 65 ul of 1X SDS sample buffer.  

Immunoprecipitated proteins and whole cell lysate samples were separated on an 8% 

polyacrylamide gel for 1200 volt-hours.  The separated proteins were then transferred to 

nitrocellulose membranes for 300 volt-hours.  

Western Blotting  

All western blots were executed at room temperature.  Nitrocellulose membranes were 

blocked in 30 ml of either 5% BSA/TBST or 5% milk/TBST for 1 hour.  The membranes were 

then incubated in 25 ml of primary antibody solution for 1-2 hours and washed in TBST for 1 

hour.  Membranes were incubated in secondary antibody solution (1:4000, GE Healthcare) for 30 
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min and then washed in TBST for 30 min.  Proteins were visualized via enhanced 

chemilluminescence reagents.   

Luciferase Assay 

COS-7 cells were transiently transfected in the manner described above with the 

appropriate plasmid DNA and 2 ug of a luciferase reporter construct downstream of four tandem 

copies of the interferon-γ activating sequence (pLuc-GAS).  After 5 hours in transfection media, 

all cells were trypsinized and seeded into six well culture plates.  For ligand-independent gene 

expression experiments, 7 x 105 cells were seeded into each well.  For growth hormone 

dependent gene expression experiments, 2 x 105 cells were seeded into each well.  The cells were 

allowed to recover in DMEM serum media for 24 hours.  For growth hormone dependent gene 

expression experiments, all cells were serum starved for 16 hours.  All cells were then lysed in 

1X Reporter Lysis buffer (Promega) for a minimum of 5 hours.  During this lysis period, the 

lysates were subjected to one freeze-thaw cycle between room temperature and -80ºC.  A 20 ul 

sample of each lysate was mixed with 100 ul of luciferase substrate and relative light units were 

read by a Monolight 3010 luminometer.  

 

Fluorescence Microscopy 

γ2A cells stably expressing the growth hormone receptor were cultured on microscope 

slides.  These cells were transiently transfected with 10 µg of a plasmid encoding a Green 

Fluorescent Protein-tagged STAT1 protein. Additionally, these cells were co-transfected with 10 

μg of either Jak2 wild-type plasmid or Jak2 Y972F plasmid.  The cells were then treated with 

250 ng/ml growth hormone.  The cells were washed once with 1X PBS and then they were fixed 

with 200 μl of 4% paraformaldehyde for 10 minutes at room temperature.  The cells were then 

washed three times in 1X PBS and allowed to dry.  The slides were then mounted with 
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VectaShield and DAPI mounting solution.  Coverslips were then placed over the slides and the 

slides were viewed under a confocal microscope.  The fluorescence intensity of GFP-STAT1 was 

quantified using ImageJ software. 
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CHAPTER 3 
Y972 AND JAK2 ACTIVATION1 

Summary 

Janus Kinase 2 is a 130 kDa tyrosine kinase that transduces gene transcription signals from 

the cell surface to the nucleus.  Its function can be intrinsically regulated by the 

autophosphorylation of a handful of its 49 tyrosines.  Here, we describe the characterization of 

tyrosine 972 (Y972),  a novel Jak2 regulatory site.  Through ms/ms mass spectrometry, we found 

that Y972 is a site of Jak2 autophosphorylation.  We used site-directed mutagenesis to introduce 

a Y-F point mutation at position 972 in plasmids encoding wild-type Jak2 protein.  Using these 

plasmids, we investigated the consequences of losing phosphorylation at Y972 on Jak2 function.  

We determined that the loss of Y972 phosphorylation significantly reduced both Jak2 total 

tyrosine phosphorylation and Y1007/Y1008 phosphorylation. Additionally, Y972 

phosphorylation was shown to be important for maximal Jak2 kinase function.  Surprisingly, 

Y972 phosphorylation did not affect ligand-independent gene expression.  Finally, the loss of 

Y972 phosphorylation impaired several aspects of Jak2-dependent signal transduction, including 

angiotensin II-dependent Jak2 phosphorylation, growth hormone-dependent Y1007/Y1008 

phosphorylation, and growth hormone-dependent STAT1 nuclear translocation.  Collectively, the 

data suggest that we have identified a novel site of Jak2 functional regulation.  

Introduction 

Janus Kinase 2 (Jak2) is one of four family members of the Janus family of tyrosine 

kinases.  These proteins mediate signals from the cell surface to the nucleus through tyrosine 

phosphorylation signaling cascades.  The primary cellular role of Jak2 is to phosphorylate 

members of the Signal Transducers and Activators of Transcription (STAT) family of latent 

                                                 
1 Reprinted with permission from the American Chemical Society and Drs. Peter P. Sayeski and David Ostrov.. 
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cytoplasmic transcription factors.  Once phosphorylated, STAT proteins can then dimerize and 

translocate to the nucleus.  In the nucleus, STAT complexes bind DNA promoter elements and 

alter cellular gene transcription patterns.  The relevance of Jak2 to a wide array of disease states 

highlights the fact that Jak2 function must be exquisitely regulated (82).  Jak2 functional 

regulation is achieved through the cooperation of several different extrinsic and intrinsic 

elements.  Extrinsically, Jak2 function is regulated by a multitude of proteins that combine to 

produce a specific Jak/STAT signaling pathway.  These proteins include cell surface receptors, 

adaptors/activators, and negative regulators. On an intrinsic level, Jak2 is regulated by the 

phosphorylation of several of its 49 tyrosine residues. 

Currently, a handful of studies have defined regulatory mechanisms that are associated 

with Jak2 tyrosine phosphorylation (19-24).  Tyrosine 1007 resides in the Jak2 activation loop 

and its phosphorylation is required for maximal activation of Jak2 (19).  Our lab has shown that 

phosphorylation at Y201 is necessary for the interaction of Jak2 with SHP-2, an important 

adaptor protein that plays a role in angiotensin II-dependent Jak2 activation (23).  Tyrosines 221 

and 570 have been shown to modulate Jak2 kinase function (22).  Given the importance of these 

phosphotyrosines to Jak2 function, the study of new tyrosine phosphorylation sites may progress 

our understanding of Jak2 function. 

The extrinsic components of Jak2 functional regulation include the cell surface receptors 

and adaptor proteins that help propagate a Jak/STAT signal to the nucleus.  Since Jak2 can be 

activated by both G-protein coupled receptors (GPCRs) and cytokine receptors, Jak2-dependent 

signaling can be broken up into two main paradigms.  Of the two paradigms, the cytokine model 

is more fully understood.  In the cytokine model, Jak2 is constitutively bound to the cytoplasmic 

portions of the receptor subunits (25,26).  While it was originally thought that ligand binding at 
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the cell surface led to receptor subunit dimerization, recent evidence suggests that ligands bind 

pre-dimerized receptor subunits (27).  Ligand/receptor association is thought to initiate 

conformational changes in the receptor subunits that ultimately place the constitutively bound 

Jak2 molecules in close enough proximity to one another to achieve transphosphorylation (27).  

Once activated, Jak2 phosphorylates the cytoplasmic tail of the receptor to produce recruitment 

sites for STAT proteins (27).  The recruited STAT proteins are then phosphorylated by Jak2 and 

the subsequent events occur as described above.   

The GPCR model differs from the cytokine model at a few notable points.  First, it is 

thought that GPCRs activate a cytoplasmic pool of Jak2 proteins.  Additionally, there is currently 

no evidence to suggest that GPCRs facilitate the same level of physical contact between Jak2 

molecules that cytokine receptors are thought to enable.  Rather, it is thought that, upon receptor 

activation, the Gαq receptor subunit activates Jak2 (29).  Once activated, Jak2 then translocates to 

the cytoplasmic tail of the GPCR (83).  Phosphorylated tyrosines within Jak2 are thought to 

serve as STAT recruitment sites (84).  Once recruited, STAT proteins are phosphorylated by 

Jak2 and the subsequent events are the same as those described above.   

The Src Homology 2 B (SH2B) protein family makes up another important component of 

Jak2 extrinsic regulation.  This protein family consists of three members; SH2B, APS, and Lnk 

(34).  All members have both an SH2 domain and a pleckstrin homology domain (34).  There are 

multiple isoforms of the SH2B protein (34).  The SH2B-β isoform is known to bind Jak2 at 

phosphorylated tyrosine 813 (21).  Upon binding, SH2B-β significantly enhances Jak2 

activation, particularly in response to growth hormone (21).  It is thought that SH2B-β can 

facilitate Jak2 dimerization and stabilize the active Jak2 conformation (35).  These two 

molecular processes are thought to assist Jak2 autophosphorylation (35).  In this study, we 
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characterized Y972, a novel site of Jak2 autophosphorylation.  Phosphorylation at Y972 was 

determined to be critical for the maintenance of both total tyrosine phosphorylation levels and 

Y1007 phosphorylation.  Furthermore, Y972 phosphorylation differentially affects several Jak2-

dependent signal transduction mechanisms, such as growth hormone and angiotensin II-

dependent Jak2 phosphorylation. As such, this work has identified a novel mechanism of Jak2 

tyrosine kinase regulation.  

 Results  

Tyrosine 972 is a Site of Jak2 Autophosphorylation 

BSC-40 cells were transiently transfected with 5 µg of Jak2 wild-type plasmid.  Using a 

vaccinia virus-mediated overexpression system, Jak2 wild-type protein was expressed at a high 

level and purified in a manner previously described (81).  This purified Jak2 protein was 

subjected to ms/ms mass spectrometry.  The results suggest that Y972 is a site of Jak2 

autophosphorylation (Fig. 1).  The phosphorylation statuses of Y221 and Y1007, two previously 

characterized phosphotyrosines (19,22), were verified as controls.  

Tyrosine 972 is Solvent Accessible 

We performed in silico modeling of the Jak2 kinase domain to determine the solvent-

accessible surface area of Y972.  Using the Swiss model program, a structure homology model 

of the murine Jak2 kinase domain was generated based on the crystal structure of the human Jak2 

protein (protein database code: 2B7A).  Using the Definition of Secondary Structure of Proteins 

(DSSP) program (80), we determined that the solvent accessible surface area of Y972 is 26 Å2.  

As 15 Å2 is generally considered the minimum surface area required for a phosphorylation site, 

the solvent accessible surface area of Y972 is conducive to phosphorylation.  We have shown a 

representation of the Jak2 kinase domain with Y972 highlighted in red (Fig. 2). 
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Y972 Affects Jak2 Total Tyrosine Phosphorylation and Y1007 Phosphorylation 

Previous studies have shown that phosphotyrosines can play important roles in regulating 

Jak2 autophosphorylation levels (19-24).  To determine the effect of Y972 on total Jak2 

phosphorylation, empty vector, Jak2 wild-type, and Jak2 Y972F plasmids were overexpressed in 

BSC-40 cells.  Jak2 protein was isolated via immunoprecipitation and total tyrosine 

phosphorylation was measured via anti-phosphotyrosine western blot.  The loss of 

phosphorylation at Y972 dramatically reduced Jak2 total tyrosine phosphorylation (Fig. 3A).  A 

similarly severe reduction in Y1007 phosphorylation was seen in response to losing 

phosphorylation as compared to Jak2 wild-type protein (Fig. 3C).  In both cases, a basal level of 

phosphorylation still remained in both cases even though significant reductions were seen.  Thus, 

the results suggest that the loss of Y972 phosphorylation affects both Jak2 total and Y1007 

phosphorylation.  The membranes were stripped and equal protein loading was determined via 

western blot (Figs. 3B and 3D).  

The Loss of Y972 Phosphorylation Affects Jak2 Kinase Activity, But Does Not Confer a 
Dominant Negative Phenotype. 

  One possible explanation for the dramatic losses in phosphorylation seen above is that the 

loss of Y972 phosphorylation confers an inhibitory phenotype to Jak2. Structural and 

conformational changes within the Jak2 kinase domain can generate such a phenotype (14,15).  

To evaluate the inhibitory potential of Jak2 in the absence of Y972 phosphorylation, BSC-40 

cells were transfected with 5 µg of a plasmid encoding an HA-tagged Jak2 wild-type protein.  

Additionally, these cells were co-transfected with increasing amounts (5 and 15 µg) of plasmids 

encoding either Jak2 wild type protein, a Jak2 dominant negative protein (W1020G/E1024A), or 

Jak2 Y972F protein.  These plasmids were overexpressed using the vaccinia virus 

overexpression system (81).  The cells were lysed and HA-tagged Jak2 was immunoprecipitated 
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from the lysates.  The levels of Y1007 phosphorylation of the HA-tagged Jak2 wild type protein 

were determined by western blot.  The Jak2 Y972F mutant did not inhibit HA-tagged Jak2 wild-

type phosphorylation, but it also did not increase wild-type phosphorylation (Fig. 4A). In 

contrast, Jak2 wild-type protein increased Y1007/Y1008 phosphorylation levels in HA-tagged 

Jak2 wild-type protein and the Jak2 dominant negative protein reduced these levels (Fig. 4A). 

The membrane was stripped and re-probed with an anti-HA polyclonal antibody to verify equal 

protein loading (Fig. 4B). 

In a similar experiment, we evaluated the ability of Jak2 to act as a substrate in the absence 

of Y972 phosphorylation.  BSC-40 cells were transfected with 10 µg of either an HA-tagged 

Jak2 wild type plasmid or an HA-tagged Jak2 Y972F plasmid.  Additionally, these cells were co-

transfected with increasing amounts (5 and 15 µg) of Jak2 wild type plasmid.  These plasmids 

were overexpressed using the vaccinia virus overexpression system (81).  The levels of Y1007 

phosphorylation in the HA-tagged Jak2 isoforms were measured as described above.  It was 

determined that the loss of Y972 phosphorylation did not prevent Jak2 from being 

phosphorylated at Y1007 by a wild-type Jak2 molecule (Fig. 4C).  In summary, these 

experiments demonstrate that the loss of Y972 phosphorylation reduces Jak2 kinase function but 

does not prevent Jak2 from being phosphorylated at Y1007.  For both experiments, equal protein 

loading was determined via western blot (Figs. 4B and 4D).  

Finally, we looked at the effect of Y972 phosphorylation on Jak2 dimerization.  COS-7 

cells were transfected with 10 µg of either an empty vector plasmid, a FLAG-tagged Jak2 wild-

type plasmid, or a FLAG-tagged Jak2 Y972F plasmid.  Additionally, these cells were co-

transfected with 10 µg of an HA-tagged Jak2 wild-type plasmid. Forty-eight hours after 

transfection, all cells were lysed and HA-tagged Jak2 protein was immunoprecipitated from the 
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lysates with an anti-HA monoclonal antibody.  The levels of co-precipitated FLAG Jak2 protein 

were determined via western blot.  The Y972F mutation did not affect the ability of FLAG-Jak2 

to co-precipitate with HA-Jak2 wild-type protein, suggesting that Jak2 dimerization is 

independent of Y972 phosphorylation (Fig. 4E).  The membrane was then stripped and the levels 

of HA-tagged Jak2 protein were determined via western blot (Fig. 4F). 

Tyrosine 972 Does Not Affect Ligand-Independent STAT1 Activation. 

Having examined how Y972 affects the intrinsic biochemistry of Jak2, we then focused 

our attention on how Y972 phosphorylation affects extrinsic aspects of the Jak/STAT pathway, 

such as STAT1 activation.  COS-7 cells were transiently transfected with increasing amounts of 

either Jak2 wild-type or Jak2 Y972F plasmid.  The cells were lysed and STAT1 was 

immunoprecipitated from the lysates.  STAT1 phosphorylation at Y701 was determined via 

western blot.  It was determined that the loss of phosphorylation at Y972 did not hinder the 

ability of Jak2 to phosphorylate Y701 in STAT1 (Fig. 5A).  The membrane was stripped and re-

probed to verify equal protein loading (Fig. 5B).   

Tyrosine 972 Phosphorylation Does Not Affect Ligand-Independent Gene Expression 

Even in the absence of ligand treatment, Jak2 is capable of driving a basal level of gene 

expression (85).  This ligand-independent gene expression represents the enzyme’s intrinsic 

functional capacity.  A luciferase gene reporter assay was performed to test whether the 

phosphorylation status of Y972 affects this intrinsic functional capacity. COS-7 cells were 

transiently transfected with a plasmid encoding four tandem repeats of the γ-activating sequence 

upstream of the firefly luciferase protein.  Additionally, these cells were co-transfected with 

increasing amounts of plasmid encoding either Jak2 wild-type protein or Jak2 Y972F protein.  

These cells were lysed and lysates were treated with an excess of luciferase substrate.  Relative 

light units were taken as a measure of Jak2-dependent gene expression.  There was no significant 
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difference between the abilities of Jak2 wild type protein and Jak2 Y972F protein to drive 

luciferase gene expression (Fig. 6A). A portion of the transfected cells were used to verify equal 

expression levels of Jak2 wild-type and Jak2 Y972F via western blot (Fig. 6B). 

Tyrosine 972 is Important for the Jak2 Response to Angiotensin II 

Having investigated the impact of Y972 phosphorylation on ligand-independent Jak2 

function, we then decided to evaluate the relevance of Y972 phosphorylation for Jak2 function in 

a signaling context.  One of the Jak2-dependent signal transduction pathways is the angiotensin 

II pathway.  Given the physiological importance of this pathway, we sought to determine the 

effect of Y972 phosphorylation on the ability of Jak2 to respond to angiotensin II.  COS-7 cells 

were transfected with plasmids expressing either  the angiotensin type 1 receptor (AT1R) and 

Jak2 wild-type protein, or the AT1R and Jak2 Y972F protein.  These cells were treated with 

angiotensin II and then lysed.  Jak2 protein was immunoprecipitated from the lysate and Jak2 

phosphorylation in response to treatment was measured via western blot.  The loss of 

phosphorylation at Y972 abolished the angiotensin II-dependent increase in Jak2 

phosphorylation (Fig. 7A).  The membrane was stripped and re-probed to verify equal protein 

loading (Fig. 7B). 

Tyrosine 972 has Differential Effects on Growth Hormone-Dependent Jak2 Total and 
Y1007 Phosphorylation. 

  The growth hormone signaling pathway is an excellent example of the cytokine model of 

Jak2-dependent signaling.  Thus, we sought to determine the impact of Y972 phosphorylation on 

the growth hormone signaling pathway.  COS-7 cells were transiently transfected with plasmids 

encoding either the growth hormone receptor and Jak2 wild type protein, or the growth hormone 

receptor and Jak2 Y972F protein.  These cells were treated with growth hormone and then lysed.  

Jak2 protein was immunoprecipitated from the lysate and the Jak2 phosphorylation response to 
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growth hormone was determined via western blot.  The loss of Y972 phosphorylation severely 

hindered growth hormone dependent increases in Y1007/Y1008 phosphorylation (Fig. 8A).  The 

membrane was stripped and reprobed with an anti-Jak2 polyclonal antibody to verify equal 

protein loading (Fig. 8B).  Growth hormone dependent total tyrosine phosphorylation was also 

investigated via western blot.  It was determined that the loss of phosphorylation at Y972 did not 

significantly reduce the growth hormone dependent increase in total phosphorylation (Fig. 8C). 

Phosphorylation at Y972 Does Not Affect SH2B-β Mediated Y1007/Y1008 
Phosphorylation. 

SH2B-β is another important component of Jak2 signal transduction.  It has been shown to 

be a potent Jak2 activator (22).  We sought to determine whether Y972 phosphorylation affects 

SH2B-β mediated Jak2 activation.  COS-7 cells were transiently transfected with either Jak2 

wild-type or Jak2 Y972F plasmid.  Additionally, these cells were co-transfected with increasing 

amounts of a myc-tagged SH2B-β construct.  All cells were lysed and Jak2 protein was 

immunoprecipitated from the lysates.  Jak2 Y1007/Y1008 phosphorylation was measured via 

western blot.  The loss of Y972 phosphorylation did not hinder SH2B-β mediated Y1007/Y1008 

phosphorylation (Fig. 9A).  The membrane was stripped and re-probed with an anti-Jak2 

polyclonal antibody to verify equal protein loading (Fig. 9B).  The expression of myc-tagged 

SH2B-β protein was also verified via western blot (Fig. 9C).   

The Loss of Y972 Phosphorylation Impairs Growth Hormone-Mediated STAT1 Nuclear 
Translocation. 

In the previous signaling experiments, we investigated the effect of Y972 phosphorylation 

on the response of Jak2 to several different activators. We then decided to look at the 

downstream consequences of losing Y972 phosphorylation.  γ2A cells that stably express the 

growth hormone receptor were transfected with 10 μg of a plasmid encoding a GFP-tagged 

STAT1 protein.  Additionally, these cells were co-transfected with 10 μg of either Jak2 wild-type 
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plasmid or Jak2 Y972F plasmid.  The cells were treated with growth hormone (250 ng/ml) for 0 

and 30 minutes.  The cells were then viewed under a fluorescent microscope to determine the 

position (nucleus vs. cytoplasm) of the GFP-STAT1 protein.  The loss of Y972 phosphorylation 

impaired GFP-STAT1 nuclear translocation, as compared to Jak2 wild-type protein (Fig. 10A).  

The cells were stained with DAPI to identify the nucleus (Fig. 10B). The two images were then 

merged (Fig. 10C). The GFP fluorescence intensity was quantified using Image J software.  The 

nuclear/cytoplasmic intensity ratio was calculated and taken as an indicator of GFP-STAT1 

nuclear translocation.  The cells transfected with Jak2 Y972F mutant plasmid showed lower 

ratios at both time points (Fig. 10D).  

Discussion 

One of the most notable findings of this study is that, even though the loss of 

phosphorylation at Y972 produced dramatic reductions in Jak2 tyrosine phosphorylation, the 

Jak2 Y972F protein was still able to drive gene expression of the luciferase reporter construct.  

Given the significant loss of phosphorylation at Y1007 in response to the Y972F mutation, we 

expected to see a similarly drastic reduction in functional output. However, the Y972F-

dependent loss in Y1007 phosphorylation did not affect Jak2-mediated luciferase gene 

expression.  A possible explanation for this disparity is that while Y1007 phosphorylation is 

thought to be necessary for maximal Jak2 activation, Jak2 can mediate gene expression in the 

absence of Y1007 phosphorylation (85).  It is entirely possible that, within the confines of the 

luciferase assay, only the basal level of Jak2 dependent gene expression can be measured.  Thus, 

Y972 phosphorylation may only affect maximal Jak2 activation and suboptimal activation states 

may be left intact. 

Tyrosine 972 was also investigated within a signaling context, and these results have 

significant biochemical implications.  In this study, we used the angiotensin II and growth 
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hormone signaling pathways as examples of the two Jak2-dependent signaling paradigms.  One 

of the key differences between these two models is that while cytokine receptors are thought to 

activate Jak2 molecules by bringing them into close physical contact with one another, no 

evidence exists to suggest that GPCRs facilitate such intimate contact.  Thus, the fact that Y972 

phosphorylation is important for angiotensin II dependent Jak2 total phosphorylation and 

independent of growth hormone dependent Jak2 total phosphorylation may be a result of this 

difference.  It is possible that the loss of Y972 phosphorylation imparts a degree of instability to 

Jak2 dimers, which can be overcome with the aid of a strong dimerizing agent like a cytokine 

receptor.  The ligand independent losses in both Jak2 total and Y1007 phosphorylation seen in 

response to the Y972F mutation are also in agreement with this model since no dimerizing 

agents were used in these experiments.   

Further support for this model arises when comparing the effects of losing Y972 

phosphorylation on growth hormone-dependent Y1007 phosphorylation and SH2B-β mediated 

Y1007 phosphorylation.  Both the growth hormone receptor and SH2B-β facilitate Jak2-Jak2 

interaction.  However, SH2B-β is thought to be an enhancer of growth hormone dependent Jak2 

activation, which suggests that it adds an additional increment of stability to Jak2 dimers that the 

growth hormone receptor is unable to provide.  The putative stability deficit produced by the loss 

of Y972 phosphorylation may be too great to be fully overcome by growth hormone receptor 

activation.  This would explain why growth hormone receptor activation largely restored Jak2 

global phosphorylation, but not Y1007 phosphorylation, in the Y972F mutant.  Maximal 

activation, as indicated by Y1007 phosphorylation, was achieved by the presence of SH2B-β.  

This suggests that SH2B-β was able to provide an extra degree of stability to the mutant, 

allowing it to become maximally activated. 
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Finally, this model can be extended to explain the fact that the loss of Y972 

phosphorylation reduced the ability of Jak2 to mediate growth hormone-dependent STAT1 

nuclear translocation.  It is possible that the suboptimal activation state of the Y972F mutant may 

have been insufficient to achieve full mediation of STAT1 nuclear translocation.  The fact that 

the Y972F mutant is capable of  activating STAT1 to the same extent as wild-type Jak2 in a 

ligand independent manner does not contradict this hypothesis because it has been previously 

shown that STAT1 phosphorylation is not the sole factor behind STAT1 nuclear translocation 

(86).  Other elements, such as STAT1 recruitment to the growth hormone receptor may have 

played a role in this reduction.  The Y972F mutant may have lacked sufficient kinase power to 

accomplish all the tasks associated with STAT1 nuclear translocation while retaining enough 

kinase function to fully activate STAT1.  The fact that the loss of Y972 phosphorylation did not 

eradicate STAT1 nuclear translocation bolsters this assertion.  Thus, the results of the STAT1 

nuclear translocation experiment expand the model of a Y972-dependent loss of stability in Jak2 

dimerization by showing that this putative phenomenon has consequences for downstream 

elements of Jak2-dependent signal transduction.  

In conclusion, the loss of phosphorylation at Y972 has significant consequences for Jak2 

biochemistry and signal transduction.  We assert that this loss confers a degree of instability to 

the maximally active Jak2 conformation.  This instability hinders Jak2 kinase function, as is 

demonstrated by the fact that the Y972F mutant could not fully phosphorylate HA-tagged wild-

type Jak2.  It also manifests itself in the severe reductions in both Y1007 and Jak2 total tyrosine 

phosphorylation.  With respect to signal transduction, the putative Y972-dependent stability 

deficit is a hurdle to activating agents that have not been shown to facilitate Jak2 dimerization, 

such as the AT1 receptor.  Finally, this lack of stability may hinder the full propagation of a 
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Jak/STAT signal, as was seen in the growth hormone-dependent STAT1 nuclear translocation.  It 

is also important to note that the loss of Y972 phosphorylation does not irreversibly hinder Jak2 

function.  A potent activator such as SH2B-β was able to restore maximal activation to the 

Y972F mutant.  Furthermore, suboptimal levels of activation seem to be unaffected by the loss of 

Y972 phosphorylation. Thus, we assert that Y972 phosphorylation is necessary for maximal Jak2 

function. 
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Figure 3-1.  Tyrosine 972 is a site of Jak2 autophosphorylation.  Mass spectrometry analysis was 

performed on purified Jak2 protein.  It was determined that Y972 is a Jak2 
phosphotyrosine.  As controls, the phosphorylation statuses of Y221 and Y1007, two 
known phosphotyrosines (19,22), were verified as well. This data was generated by 
Dr. Xianyue Ma. 
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Figure 3-2.  Tyrosine 972 is solvent accessible.  Using the Swiss Model program, we generated a 
structural homology model of murine Jak2 based on the human Jak2 crystal structure 
(pdb code 2B7A).  We then used the Definition of Secondary Structure of Proteins 
(DSSP) program (80) to calculate the solvent accessibility of Y972.  The solvent-
accessible area of Y972 is 26 Å2.  Tyrosine 972 is highlighted in red. 
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Figure 3-3.  The effect of Y972 phosphorylation on Jak2 total and Y1007 phosphorylation.  A).  
BSC-40 cells were transfected with 5 µg of the indicated plasmid DNA.  These 
constructs were overexpressed using vaccinia virus-delivered T7 RNA polymerase.  
Western blot analysis shows that the loss of phosphorylation at Y972 drastically 
reduces Jak2 total tyrosine phosphorylation.  B).  The membrane was stripped and re-
blotted with an anti-Jak2 polyclonal antibody to verify equal protein loading.  C).  
COS-7 cells were transfected with 10 μg of either pBOS-Jak2 WT or pBOS-Jak2 
Y972F.  Immunoblotting with an anti-pY1007/Y1008 pAb revealed that the loss of 
phosphorylation at Y972 significantly reduced Y1007 phosphorylation.  D).  The 
membrane was stripped and re-blotted with an anti-Jak2 polyclonal antibody to verify 
equal protein loading.  
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Figure 3-4.  Tyrosine 972 phosphorylation affects Jak2 kinase function, but not its substrate 

properties or Jak2 dimerization.  A).  The indicated plasmids were overexpressed in 
BSC-40 cells and Y1007/Y1008 phosphorylation was determined via western blot.  
The loss of Y972 phosphorylation did not produce an inhibitory phenotype but it did 
impair Jak2 kinase function, as compared to wild type protein.  B).  The membrane 
was stripped and re-probed to verify equal loading.  C).  The effect of Y972 
phosphorylation on Jak2 substrate potential was also evaluated.  The indicated 
plasmids were overexpressed in BSC-40 cells and the Y1007/Y1008 phosphorylation 
of HA-Jak2 wild-type protein was measured via western blot.  The loss of Y972 
phosphorylation did not prevent Jak2 from being phosphorylated at the Y1007/Y1008 
positions.  D). Equal protein loading was verified via western blot.  E).  The effect of 
Y972 phosphorylation on Jak2 dimerization was evaluated.  The indicated plasmids 
were expressed in COS-7 cells and FLAG Jak2/HA-Jak2 coprecipitation was 
measured via western blot.  Dimerization was shown to be independent of Y972 
phosphorylation.  F).  The membrane was stripped and reblotted with an anti-HA 
polyclonal antibody to determine protein loading. 

 

 



 

56 

pBOS-Jak2 WT (μg)

pBOS-Jak2 Y972F (μg)

1        3       10

1       3      10       

IP: anti-STAT1 pAb

IB: anti-STAT1 pY701 pAb

IB: anti-STAT1 pAb

STAT1 (P)

STAT1

79

79

A.

B.

 

Figure 3-5.  The loss of tyrosine 972 phosphorylation does not affect Jak2-mediated STAT1 
activation.  COS-7 cells were transfected with increasing amounts of either Jak2 wild-
type or Jak2 Y972F plasmid.  Lysates were prepared and STAT1 protein was 
immunoprecipitated from the lysates.  A).  Phosphorylation at Y701 in STAT1 was 
verified via western blot. The loss of Y972 phosphorylation did not hinder Jak2-
mediated STAT1 activation.  B).  Equal STAT1 protein loading was also verified via 
western blot.   
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Figure 3-6.  Tyrosine 972 does not affect ligand-independent gene expression.  COS-7 cells were 

transfected with 2 μg of a firefly luciferase plasmid containing four tandem repeats of 
the γ activating sequence.  Additionally, these cells were co-transfected with 
increasing amounts (1, 3, or 10 μg) of either Jak2 wild-type or Jak2 Y972F plasmids.  
A). The cells were trypsinized and seeded into six-well plates.  The cells were lysed 
and a 20 μl sample of each lysate was treated with 100 μl of luciferase substrate.  
Relative light units were read by a luminometer and were taken as a measure of 
luciferase gene expression.  The loss of Y972 phosphorylation did not hinder Jak2-
dependent, luciferase gene expression. B).  A portion of the trypsinized cells were 
used to verify equal protein expression of Jak2  wild-type and Jak2 Y972F proteins.  
Equal expression was determined via western blotting with an anti-Jak2 pAb. 
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Figure 3-7.  Tyrosine 972 is critical for angiotensin II-dependent Jak2 phosphorylation.  COS-7 

cells were transiently transfected with AT1 receptor plasmid and either empty vector 
plasmid, Jak2 wild-type plasmid, or Jak2 Y972F plasmid.  After transfection, these 
cells were treated with 100 nM angiotensin II for 0, 3, and 6 minutes.  The cells were 
lysed and Jak2 protein was immunoprecipitated from the lysates.  A).  Jak2 tyrosine 
phosphorylation was determined via western blot.  The loss of Y972 phosphorylation 
severely reduced angiotensin II-dependent Jak2 tyrosine phosphorylation.  B).  The 
membrane was stripped and re-probed with an anti-Jak2 pAb to verify equal protein 
loading. 
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Figure 3-8.  Tyrosine 972 differentially affects growth hormone-dependent Jak2 total 

phosphorylation and Y1007 phosphorylation.  In two separate experiments, COS-7 
cells were transiently transfected with growth hormone receptor plasmid and either 
empty vector plasmid, Jak2 wild-type plasmid, or Jak2 Y972F plasmid.  A).  
Phosphorylation at Y1007/Y1008 was measured via western blot.  The loss of 
phosphorylation at Y972 significantly reduced growth hormone dependent 
Y1007/Y1008 phosphorylation.  B).  Equal protein loading was determined via 
western blot.  C).  Jak2 total phosphorylation was also measured via western blot.  
Tyrosine 972 did not affect growth-hormone dependent increases in Jak2 total 
phosphorylation. 
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Figure 3-9.  Jak2 can be activated by SH2B-β in the absence of tyrosine 972 phosphorylation.  

A).  COS-7 cells were transfected with increasing amounts (0, 0.5 and 1 µg) of a 
myc-tagged SH2B-β plasmid and either Jak2 wild-type or Jak2 Y972F plasmid. 
Phosphorylation at Y1007/Y1008 was measured via western blot.  The loss of 
phosphorylation at Y972 did not affect SH2B-β mediated Y1007/Y1008 
phosphorylation.  B).  The membrane was stripped and re-probed to verify equal 
protein loading.  C).  The levels of myc-SH2B-β protein were determined via a 
western blot of whole cell lysate samples. 
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Figure 3-10.  Tyrosine 972 phosphorylation affects GFP-STAT1 nuclear translocation.  γ2A cells 

that stably express the growth hormone receptor were transiently transfected with a 
GFP-STAT1 plasmid and either Jak2 wild-type plasmid or Jak2 Y972F plasmid.  
These cells were treated with 250 ng/ul growth hormone for 0 and 30 minutes.  The 
location of the GFP-STAT1 molecule was determined via fluorescence microscopy.  
A).  The loss of Y972 phosphorylation reduced growth hormone-dependent nuclear 
translocation of the GFP-STAT1 protein.  B).  The cells were subjected to DAPI 
staining to indentify the cell nucleus.  C).  The two images were then merged.  D). 
The GFP fluorescence intensity was quantified using Image J software.  
Nuclear/cytoplasmic intensity ratios were calculated and graphed as a function of 
time.  The cells transfected with Jak2 Y972F plasmid showed lower 
nuclear/cytoplasmic intensities at both time points.  
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CHAPTER 4 
S1120 AND JAK2 FUNCTION1 

Summary 

Janus Kinase 2 (Jak2) is an integral component of the growth hormone signaling pathway.  

The Jak/STAT pathway allows the growth hormone receptor to alter gene transcription patterns 

in the nucleus, thereby promoting growth and differentiation.  In order to maintain this nuclear 

link, Jak2 function must be optimal.  In this study, we have identified and characterized a serine 

residue that is critical for Jak2 function.  Serine 1120 is located in the Jak2 kinase domain.  The 

mutation of this residue to alanine prevented Jak2 from achieving autophosphorylation in a 

ligand independent system.  It also severely hindered ligand independent gene expression.  In a 

ligand-dependent context, several elements of growth hormone-dependent signal transduction 

were affected by the conversion of S1120 to alanine, including growth hormone dependent Jak2 

activation, SH2B-beta mediated Jak2 activation, and growth hormone dependent luciferase gene 

expression.  Thus, we assert that this residue is an essential component of proper Jak2 function. 

Introduction 

Growth hormone is a peptide hormone released from the anterior pituitary (87).  It acts on 

multiple target tissues to promote growth and differentiation (87).  This hormone can easily 

become a double-edged sword as it has been implicated in both physiological and 

pathophysiological processes.  Adequate levels of this hormone are necessary during human 

development in order to prevent a short stature (87).  In contrast, an excess of growth hormone 

can lead to gigantism and cancer (87).  Thus, exquisite regulation of growth hormone is critical 

for normal human health. 

                                                 
1 Reprinted with permission from Dr. David Ostrov, Dr. Peter P. Sayeski, and Andrew Magis. 
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The growth hormone signal is transduced by a number of different intracellular signaling 

pathways, including the Jak/STAT pathway.  Janus kinase 2 (Jak2) is a member of the Janus 

family of tyrosine kinases and transduces signals from cytokine receptors, like the growth 

hormone receptor.  Jak2 molecules are constitutively bound to the cytoplasmic tail of the growth 

hormone receptor.  The role of the growth hormone receptor is to translate a growth hormone 

binding event into a series of conformational changes that place the constitutively bound Jak2 

molecules in close enough proximity to one another to achieve autophosphorylation.  The 

phosphorylated Jak2 molecules then phosphorylate the receptor tail, facilitating the recruitment 

of STAT proteins to the receptor.  The recruited STAT proteins are phosphorylated by Jak2, 

which leads to their dimerization.  The dimerized STATs then translocate to the nucleus and bind 

DNA promoter elements to alter gene transcription patterns. 

Thus, Jak2-dependent signal transduction provides growth hormone with an important link 

to the cell nucleus.  With such a link in place, growth hormone can alter the expression of genes 

that are important for growth and differentiation.  To maintain this link, it is absolutely critical 

that Jak2 is able to function in an optimal manner.  Since the initial cloning of Jak2 in the early 

1990’s (1), much work has been done in an effort to understand the function of this signaling 

intermediate.  It is clear that a very tight relationship exists between the structure and function of 

Jak2.  Several amino acids have been as being important in maintaining proper Jak2 function.  

Many of these residues are phosphotyrosines that have been linked to key regulatory 

mechanisms of Jak2 function (19-24).  Other non-tyrosine residues have been characterized in 

the Jak2 kinase domain, and have been shown to be essential for maintaining proper kinase 

function (14-17).   
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In 2006, the first report of a site of serine phosphorylation in Jak2 was published (88).  

This report represented a major development in the Jak2 field because prior work had only 

implicated tyrosines in phosphorylation-dependent regulation of Jak2.  Serine 523 resides in the 

Jak2 pseudokinase domain and has been shown to be phosphorylated in response to growth 

hormone treatment (88).  Its phosphorylation is thought to repress growth hormone-dependent 

Jak2 function as its mutation to alanine enhanced growth hormone dependent Jak2 activation and 

STAT5 phosphorylation (88).   

Here, we have identified another serine residue that significantly affects Jak2 function.  

Serine 1120 is located in the Jak2 kinase domain.  Its mutation to alanine is deleterious for Jak2 

kinase function.  Several aspects of Jak2-dependent signaling, such as growth hormone-

dependent Jak2 activation, SH2B-β mediated Jak2 activation and growth hormone-mediated 

gene transcription were shown to be S1120-dependent.  We assert that S1120 is a novel site of 

Jak2 functional regulation.   

Results 

Serine 1120 is Solvent Accessible 

We performed in silico modeling of the Jak2 kinase domain to determine the solvent-

accessible surface area of S1120.  Using the Swiss model program, a structure homology model 

of the murine Jak2 kinase domain was generated based on the crystal structure of the human Jak2 

protein (protein database code: 2B7A).  Using the Definition of Secondary Structure of Proteins 

(DSSP) program (80), we determined that the solvent accessible surface area of S1120 is 26 Å2.  

As 15 Å2 is generally considered the minimum surface area required for a phosphorylation site, 

the solvent accessible surface area of S1120 is conducive to phosphorylation.  We have shown a 

representation of two dimerized Jak2 molecules with S1120 highlighted in green.  Based on this 

model, S1120 is thought to be in close proximity to the Jak2 dimer interface (Fig. 1). 
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Serine 1120 is Critical for Jak2 Autophosphorylation-  

Jak2 tyrosine autophosphorylation is a critical precursor to Jak2-dependent signaling 

events such as receptor and STAT protein phosphorylation.  Therefore, we decided to evaluate 

the ability of the Jak2 S1120A mutant to achieve autophosphorylation via overexpression.  BSC-

40 cells were transiently transfected with 5 µg of either empty vector plasmid, Jak2 wild-type 

plasmid, or Jak2 S1120A plasmid.  Using the vaccinia virus overexpression system, these 

plasmids were overexpressed in BSC-40 cells.  Sixteen hours after vaccinia virus infection, all 

cells were lysed and Jak2 protein was immunoprecipitated from the lysates.  Jak2 tyrosine 

phosphorylation levels were determined via western blot.  The mutation of S1120 to alanine 

abolished the ability of Jak2 to achieve autophosphorylation (Fig. 2A).  The membrane was 

stripped and re-probed to verify protein loading (Fig. 2B).  

The S1120A Mutant Displays a Mild Inhibitory Phenotype 

We evaluated the ability of the Jak2 S1120 mutant to act as a dominant negative molecule.  

COS-7 cells were transiently transfected with 5 µg of an HA-tagged Jak2 wild-type plasmid.  

Additionally, these cells were transfected with increasing amounts (5 µg and 15 µg) of either a 

Jak2 wild-type plasmid, a Jak2 dominant negative plasmid, or the Jak2 S1120A plasmid.  Thirty-

six hours after transfection, all cells were lysed and HA-tagged Jak2 protein was 

immunoprecipitated from the lysates.  The tyrosine phosphorylation of HA-tagged Jak2 wild-

type protein was measured via western blot.  While titration of the Jak2 wild-type plasmid 

increased HA-tagged Jak2 wild-type phosphorylation, increasing amounts of either the dominant 

negative or Jak2 S1120A plasmid did not increase HA-tagged Jak2 wild-type phosphorylation 

(Fig. 3A).  In fact, the Jak2 S1120A mutant slightly decreased HA-tagged Jak2 wild-type 

phosphorylation (Fig. 3A).  The membrane was stripped and re-probed with an anti-Jak2 

polyclonal antibody to verify equal protein loading (Fig. 3B). 
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The Jak2 S1120A Mutation Hinders Ligand-Independent Gene Transcription- 

Ligand-independent experiments like the BSC-40 autophosphorylation assay (Fig. 2) 

evaluate the intrinsic abilities of Jak2.  In addition to achieving ligand-independent 

phosphorylation, Jak2 can also mediate gene transcription.  Thus, we looked at how the S1120A 

mutation affected the intrinsic ability of Jak2 to drive gene transcription.  COS-7 cells were 

transiently transfected with 2 µg of a luciferase plasmid under the control of a STAT-responsive 

promoter.  Additionally, these cells were transfected with increasing amounts of either Jak2 

wild-type plasmid or Jak2 S1120A plasmid.  These cells were then trypsinized and  seeded into 

six well plates.  A portion of the trypsinized cells were seeded into 100 mm dishes to be used for 

verification of equal Jak2 protein expression. 

Forty-eight hours after transfection, all cells were lysed for five hours and exposed to one 

freeze-thaw cycle at -80°C.  A 20 µl sample of each lysate was then exposed to an excess (100 

µl) of luciferase substrate. Luminescence was read by a luminometer and was taken as an 

indicator of luciferase gene expression.  Luciferase gene experession was compared between 

Jak2 wild type and Jak2 S1120 at the 3X and 10X dosage points using a two-tailed T Test.  It 

was determined that the S1120A mutation severely hindered the ability of Jak2 to drive 

luciferase gene expression (Fig. 4A).  Equal Jak2 protein expression was verified via western 

blot (Fig. 4B). 

Growth Hormone-Dependent Jak2 Activation is Dependent on S1120 

Jak2 is an integral component of the growth hormone signaling pathway.  In response to 

growth hormone treatment, Jak2 becomes activated.  As this is a necessary prerequisite for all 

subsequent Jak2-dependent signaling events in the growth hormone pathway, we looked at the 

effect of the S1120A mutation on Jak2 activation in response to growth hormone treatment.  

COS-7 cells were transiently transfected with 10 µg of growth hormone receptor plasmid.  
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Additionally, these cells were transfected with 3µg of Jak2 wild-type plasmid and 10 µg of Jak2 

S1120A plasmid in order to maintain equal expression levels.  Twenty-four hours after 

transfection, the cells were serum-starved for 16 hours.  The cells were then treated with growth 

hormone (250 ng/ml) for 0, 5 and 10 minutes.  All cells were lysed and Jak2 protein was 

immunoprecipitated from the lysates.  The phosphorylation status of Y1007/Y1008 in the Jak2 

activation loop was determined via western blot.  While Y1007/Y1008 phosphorylation 

increased in wild-type Jak2 in a time-dependent manner, there was no such increase in the S1120 

mutant (Fig. 5A).  The membrane was stripped and re-probed to verify equal protein loading 

(Fig. 5B).   

Serine 1120 is Critical for SH2B-β Mediated Jak2 Activation- 

SH2B-β binds Jak2 at Y813 and is thought to promote Jak2 activation by stabilizing the 

active Jak2 conformation (21,35).  This protein is an important component of the growth 

hormone signaling pathway as it has been shown to significantly enhance growth hormone 

dependent Jak2 activation.  We sought to determine the effect of the S1120A mutation on SH2B-

β mediated Jak2 activation.  COS-7 cells were transiently transfected with increasing amounts of 

myc-tagged SH2B-β plasmid and fixed amounts of either Jak2 wild-type plasmid or Jak2 

S1120A plasmid.  Thirty-six hours after transfection, all cells were lysed and Jak2 protein was 

immunoprecipitated from the lysates.  The phosphorylation status of Y1007/Y1008 was 

determined via western blot.  The S1120A mutation eliminated the ability of Jak2 to be activated 

by SH2B-β when compared to Jak2 wild-type control. (Fig. 6A).  The membrane was stripped 

and re-probed to verify equal protein loading (Fig. 6B). The expression of myc-SH2B-β protein 

was verified by western blotting whole cell lysate samples with an anti-myc monoclonal 

antibody (Fig. 6C). 
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The S1120A Mutation Abolishes Growth Hormone-Mediated Gene Transcription 

The ultimate cellular response to the activation of Jak/STAT signaling is the alteration of 

gene transcription patterns.  We sought to determine whether S1120 is critical for growth 

hormone-mediated changes in gene transcription.  COS-7 cells were transiently transfected with 

2 µg of luciferase plasmid under the control of a STAT-inducible promoter.  Additionally, these 

cells were transfected with 10 µg of a growth hormone receptor and either an empty vector 

plasmid, Jak2 wild-type plasmid,  or a Jak2 S1120 plasmid.  These cells were trypsinized and 

seeded into six-well plates at 2 x 105 cells per well.  A portion of the trypsinized cells were  also 

seeded into 100 mm dishes to be used for verification of equal Jak2 protein expression. 

Forty-eight hours after transfection, all cells were serum starved for 12 hours.  The cells 

were treated with growth hormone for 0, 4, 8, 12 and 24 hours.  The cells were then lysed and a 

20 µl sample of each lysate was treated with an excess (100 µl) of luciferase substrate.  

Luminescence was measured with a luminometer and was taken as an indicator of luciferase 

gene expression.  Cells transfected with Jak2 wild-type protein produced luminescence readings 

that increased over the 24 hour time course (Fig. 7A).  In contrast, cells expressing the Jak2 

S1120A mutant did not produce luminescence readings above those transfected with empty 

vector plasmid (Fig. 7A).  Equal Jak2 protein expression was verified via western blot (Fig. 7B).  

Discussion 

Jak2 plays a critical role in growth hormone signaling.  The Jak/STAT pathway provides 

the growth hormone receptor with an important link to the cell nucleus.  Thus, it is essential that 

Jak2 functions optimally in order to maintain this nuclear link.  In this study, we have identified 

S1120 as an amino acid residue that is critical for Jak2 function.  We have shown that this 

residue is essential for Jak2 kinase function as its mutation to alanine eliminated the 

autophosphorylative capacity of Jak2 and hindered its ability to drive ligand-independent gene 



 

69 

transcription.  We have also demonstrated that this loss of function has several consequences, 

especially for growth hormone signaling.  Specifically, the S1120-dependent loss of function 

affects Jak2 activation by both growth hormone and SH2B-β.  Finally, we demonstrated that this 

residue is critical for growth hormone-dependent gene transcription. 

In this study, we utilized site-directed mutagenesis to mutate S1120 to alanine.  This 

mutation is a relatively conservative change that involves the loss of the –OH functional group 

on S1120.  An in silico analysis of the putative interactions between S1120 and other Jak2 

residues suggests that this loss does not affect any existing intramolecular interactions.  Based on 

this data and  other observations, we have identified three possible mechanistic explanations for 

the S1120A effect on Jak2 function; 1). Serine 1120 may be a site of serine phosphorylation in 

murine Jak2, 2). The S1120 –OH functional group may facilitate interaction with a putative Jak2 

binding partner, 3). The S1120A mutation may confer an inhibitory phenotype, which severely 

hinders Jak2 function.  We will explore each of these hypotheses individually, but it is entirely 

possible that the S1120A effect may be the result of a synergy of these three elements.  

In 2006, the first site of serine phosphorylation in Jak2 was identified as S523 (88).  This 

site was shown to be phosphorylated in response to growth hormone treatment and was 

characterized as a repressor of growth hormone-dependent Jak2 signaling as its mutation to 

alanine enhanced this process (88).  The idea that S1120 is a site of serine phosphorylation is 

supported by the fact that it is solvent accessible.  However, S1120 phosphorylation would 

putatively play a much different role from that of S523 phosphorylation as its mutation to alanine 

eliminated growth hormone-dependent Jak2 signaling.  Thus, in contrast to S523, S1120 

phosphorylation would potentially enhance growth hormone signaling.   
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As previously mentioned, the mutation of S1120 to alanine involves the loss of an –OH 

functional group.  While this change can certainly affect the potential phosphorylation status of 

S1120, it may have other consequences as well.  The solvent accessibility of S1120 raises the 

possibility that it facilitates interaction with a Jak2 binding partner.  This putative interaction 

may promote Jak2 stability and its loss may explain why a significantly greater amount of Jak2 

S1120A plasmid must be transfected in comparison to Jak2 wild-type plasmid in order to achieve 

comparable expression levels.   

Finally, the S1120A mutation may confer an inhibitory phenotype to Jak2 that interferes 

with its function.  While preliminary, the data in Figure 3 suggest that the conversion of S1120 to 

alanine produces a mild dominant negative phenotype.  This inhibitory character may explain 

why both ligand dependent and ligand independent gene expression was hindered by the 

conversion of S1120 to alanine.  Future experiments should evaluate the utility of the Jak2 

S1120A mutant as method of Jak2 inhibition.   

In conclusion, the data in this study suggest that S1120 is critical for murine Jak2 function.  

The mutation of S1120 to alanine had profound effects on Jak2 function, both on an intrinsic 

level and within a signaling context.  The importance of S1120 to murine Jak2 function may be 

the result of several different factors.  First, S1120 may be a site of serine phosphorylation within 

murine Jak2.  The precedent exists for the serine phosphorylation of Jak2 and it has 

consequences for Jak2 function (88).  Serine 1120 may also be critical for Jak2 interactions with 

other proteins.  Finally, this mutation may confer an inhibitory phenotype to Jak2.  While these 

factors are certainly independent from one another, the S1120A effect may result from a 

combination of the three elements.  The phosphorylation of S1120 could potentially provide a 

protein binding site.  Finally, a dominant negative phenotype may result from the loss of the 
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interaction with this putative Jak2 binding protein.  Future studies should aim to mechanistically 

elucidate the role of S1120 in Jak2 function. 
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Figure 4-1.  Serine 1120 is solvent accessible.  Using the Swiss Model program, we generated a 

structural homology model of murine Jak2 based on the human Jak2 crystal structure 
(pdb code 2B7A).  Using the COOT program, we superimposed the murine model on 
human Jak2.  We then used the Definition of Secondary Structure of Proteins (DSSP) 
program (80) to calculate the solvent accessibility of S1120.  The solvent-accessible 
area of S1120 is 26 Å2.  Serine 1120 is highlighted in green at the dimer interface. 
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Figure 4-2.  The importance of S1120 for Jak2 autophosphorylation.  BSC-40 cells were 
transfected with 5 ug of the indicated plasmids.  These constructs were overexpressed 
using a vaccinia virus overexpression system.  A).  Western blot analysis reveals that 
the S1120A mutation prevents Jak2 autophosphorylation.  B).  The membrane was 
stripped and re-probed with an anti-Jak2 polyclonal antibody to verify equal protein 
loading. 
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Figure 4-3.  The Jak2 S1120A mutant displays a mild inhibitory phenotype.  COS-7 cells were 

transiently transfected with HA-tagged Jak2 wild-type plasmid and increasing 
amounts of either a Jak2 wild-type plasmid, a Jak2 dominant negative plasmid, or the 
Jak2 S1120A plasmid.  All cells were lysed and HA-tagged Jak2 wild-type protein 
was immunoprecipitated from the lysates.  A).  Western blot analysis revealed that 
the Jak2 S1120A mutant mildly inhibited HA-tagged Jak2 wild-type phosphorylation.  
B).  The membrane was stripped and re-probed with an anti-Jak2 polyclonal antibody 
to verify equal protein loading.  
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Figure 4-4.  Serine 1120 is important for ligand-independent gene transcription. A). COS-7 cells 
were transfected with 2 ug of luciferase plasmid and increasing amounts of either 
Jak2 wild-type plasmid or Jak2 S1120A plasmid.  Empty vector plasmid was used to 
ensure that all cells were transfected with equal amounts of plasmid.  A luciferase 
gene reporter assay revealed that the Jak2 S1120A mutant could not achieve the 
levels of luciferase gene expression that the wild-type protein could.  B.) A portion of 
the transfected cells were used for western blotting in order to verify equal Jak2 
protein expression.  These cells were lysed and a sample of each lysate was subjected 
to SDS-PAGE.  The proteins were then transferred to a nitrocellulose membrane.  
Western blot analysis with an anti-Jak2 polyclonal antibody  revealed that 
comparable Jak2 protein expression was achieved at the 3X dosage point. 
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Figure 4-5.  Growth hormone-dependent Jak2 activation is eliminated by the S1120A mutation.  
COS-7 cells were transiently transfected with the indicated plasmids.  Twenty-four 
hours after transfection, all cells were serum-starved for 16 hours.  The cells were 
then treated with growth hormone (250 ng/ml) for 0, 5, and 10 minutes.  All cells 
were then lysed and Y1007/Y1008 phosphorylation status was assayed via western 
blot.  A).  It was determined that the S1120A mutation prevented the growth 
hormone-dependent increase in Y1007/Y1008 phosphorylation.  B).  The membrane 
was stripped and re-probed with an anti-Jak2 polyclonal antibody to verify equal 
protein loading. 
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Figure 4-6.  Serine 1120 is critical for SH2B-beta mediated Jak2 activation.  COS-7 cells were 
transiently transfected with increasing amounts of myc-SH2B-β plasmid and either 
Jak2 wild-type plasmid or Jak2 S1120A plasmid.  Thirty six hours after transfection, 
all cells were lysed and Jak2 protein was immunoprecipitated from the lysates.  A).  
The phosphorylation status of Y1007/Y1008 was determined via western blot.  The 
conversion of S1120 to alanine eliminated SH2B-β dependent increases in 
Y1007/Y1008 phosphorylation.  B).  The membrane was stripped and re-probed with 
an anti-Jak2 polyclonal antibody to verify equal protein loading.  C).  Additionally, 
whole cell lysate samples were subjected to SDS-PAGE and transferred to a 
nitrocellulose membrane.  This membrane was blotted with an anti-myc monoclonal 
antibody to determine equal levels of SH2B-β expression. 
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Figure 4-7.  Serine 1120 is important for growth hormone dependent gene transcription.  COS-7 
cells were transiently transfected with a growth hormone receptor plasmid and a 
luciferase plasmid.  Additionally, these cells were transfected with either an empty 
vector plasmid,  a Jak2 wild-type plasmid or a Jak2 S1120A plasmid.  All cells were 
then trypsinized and seeded into six well plates.  A). A luciferase gene reporter assay 
revealed that the Jak2 S1120A mutant did not mediate luciferase gene transcription at 
levels significantly above those seen for the empty vector plasmid.  B). A portion of 
the trypsinized cells were seeded into 100 mm dishes and used to verify the 
expression levels of Jak2 wild-type protein and Jak2 S1120A protein.  Western blot 
analysis was used to measure Jak2 expression levels.   
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CHAPTER 5 
DISCUSSION 

Overview 

It has been 15 years since the Jak2 gene was cloned (1).  Since then, a wealth of evidence 

has accumulated linking Jak2 to physiological and pathophysiological processes.  Jak2 has been 

implicated in cardiovascular disorders like atherosclerosis and cardiac ischemia-reperfusion 

injury.  It has also been linked to diabetic complications and cancer.  These findings justify the 

need to study Jak2 function.  However, while much progress has been made in trying to 

understand the factors that control Jak2 function, there is still much work to be done.  Six of the 

eight tyrosine phosphorylation sites within Jak2 have been linked to regulatory mechanisms, and 

many more may still remain to be identified. Furthermore, an interesting development in the field 

came with the discovery of the first site of Jak2 serine phosphorylation in 2006 (88).  This 

discovery opened up the possibility of other, non-tyrosine regulatory sites in Jak2.  With every 

new discovery, it becomes increasingly more apparent that much more investigation is needed  

  This work is an investigation into the Jak2 kinase domain and the structure-function 

relationship that governs its function. Specifically, we looked at two sites within the kinase  

domain: Y972 and S1120.  Both of these residues were shown to be important for Jak2 kinase 

function.  However, altering S1120 had a much more severe effect on Jak2 function than altering 

Y972.  Thus, in terms of their relevance to larger physiological processes, we would expect to 

see differential effects.  In this chapter, we will discuss the impact of these residues on Jak2 

function and their potential roles in Jak2-dependent ROS pathologies. 

Tyrosine 972 and Jak2 Function 

As discussed in chapter 1, tyrosine autophosphorylation is a central process in Jak2-

dependent signaling.  In Chapter 3, we describe our investigation into Y972, a novel site of Jak2 
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autophosphorylation.  Through ms/ms mass spectrometry, we confirmed that Y972 is a site of 

Jak2 autophosphorylation.  We demonstrated that Y972 phosphorylation is crucial for Jak2 

autophosphorylation.  We also showed that the loss of phosphorylation at this site reduced Jak2 

kinase function.  The loss of Y972 phosphorylation hindered several elements of Jak2-dependent 

signaling, such as angiotensin II dependent Jak2 phosphorylation, growth hormone-dependent 

Jak2 activation, and growth hormone-dependent STAT1 nuclear translocation.  We hypothesized 

that, while Y972 phosphorylation significantly affected the phosphorylation status of 

Y1007/Y1008, suboptimal Jak2 activation that are not Y1007/Y1008 dependent, were left intact.   

Y972 and ROS Pathology 

The most important findings of our investigation into Y972 are 1) Y972 phosphorylation 

affects Jak2 kinase function, 2) Y972 phosphorylation affects Jak2-dependent signal 

transduction, and 3) Y972-dependent effects are not irreversible.  Within the context of ROS-

dependent pathologies, these three findings may have important consequences for Jak2 function. 

Cardiac Ischemia Reperfusion Injury 

Ischemia is a double-edged sword with respect to the heart.  Acute ischemic injury 

produces large amounts of ROS, which lead to cardiomyocyte loss through both apoptosis and 

necrosis.  In contrast, preconditioning the heart by exposing it to shorter bouts of ischemia than 

those seen in acute injuries actually has a protective effect.  Interestingly, Jak2 plays a role in 

both of these processes.  In fact, Jak2 activation mirrors the role that ROS plays in the ischemic 

heart as both are protective within the context of preconditioning and detrimental in acute 

ischemic injury.  In Chapter 1, we hypothesized that Jak2 responds differentially to the dose of 

ROS in a given circumstance.  Thus, it mediates protective effects for the smaller doses of ROS 

associated with preconditioning while promoting apoptosis in response to the larger doses 

released by an acute ischemic injury.  
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Tyrosine 972 may be beneficial as a therapeutic target for acute cardiac I/R injury.  It was 

previously shown that Jak2 mediates ROS-dependent apoptosis in response to 

hypoxia/reoxygenation (77).  The loss of kinase function incurred by inhibiting Y972 

phosphorylation may hinder this apoptotic effect by delaying Jak2-dependent apoptotic 

signaling.  Furthermore, Y972 phosphorylation was shown to be critical for maximal Jak2 

activation.  Given our hypothesis that Jak2 differentially responds to small and large ROS doses, 

the inhibition of Y972 phosphorylation may prevent Jak2 from becoming maximally activated in 

response to the larger ROS doses associated with acute I/R injury.  Thus, the detrimental, Jak2-

dependent effects of acute I/R injury may be attenuated by inhibiting Y972 phosphorylation.  

This inhibition incurs a loss of kinase function and an inability to achieve maximal Jak2 

activation, both of which may hinder the progression of I/R injury.   

In contrast, inhibition of Y972 phosphorylation may hinder cardiac preconditioning.  The 

preconditioning phenomenon is based on pre-emptive gene expression.  Cardiomyocytes respond 

to preconditioning stimuli by increasing the expression of pro-survival genes.  As mentioned in 

Chapter 1, Jak2 may mediate preconditioning through STAT3-dependent gene expression as 

STAT3 has been shown to upregulate cardioprotective genes like metallothionein and 

manganese superoxide dismutase (75,76).  The Y972-dependent loss of kinase function may 

hinder the ability of Jak2 to fully activate STAT3, thereby reducing cardioprotective gene 

expression.  Not only has Jak2 been implicated in ischemic preconditioning, but it has also been 

implicated in several ligand-dependent preconditioning mechanisms, like TNF-α and angiotensin 

II-dependent preconditioning (68,70).  As the loss of Y972 phosphorylation has been shown to 

hinder several elements of Jak2-dependent signaling, we assert that the loss of Y972 

phosphorylation would negatively affect ligand dependent forms of preconditioning. 



 

82 

Diabetic Nephropathy 

Evidence suggests that Jak2 plays a significant role in several major events associated with 

the progression of diabetic nephropathy, including increases in the expression of TGF-β, 

fibronectin, and collagen (44-46).  Furthermore, the AT1 receptor has been shown to mediate 

increases in TGF-β and fibronectin in diabetic nephropathy.  The effect of Y972 phosphorylation 

on angiotensin II-dependent Jak2 phosphorylation and Jak2 kinase function in general suggest 

that therapeutically targeting Y972 in diabetic nephropathy may be beneficial.  By blocking 

Y972 phosphorylation, it may be possible to impede the angiotensin II-dependent increases in 

TGF-β and fibronectin, thus slowing the progression of diabetic nephropathy. 

The idea of inhibiting Y972 phosphorylation is a more attractive therapeutic strategy 

within the context of diabetic nephropathy than in that of cardiac ischemia-reperfusion injury.  

Diabetic nephropathy is a progressive disease, as opposed to an acute event like cardiac I/R 

injury.  The goal in treating this disease should be to stop aberrant increases in Jak2-dependent 

signaling while leaving a significant level of function intact in order to carry out the 

housekeeping functions of the cell.  In Chapter 3, we demonstrated that while the loss of Y972 

phosphorylation certainly affected Jak2 function, this loss did not eradicate enzymatic function.  

We proposed that Y972 primarily affected the maximally activated Jak2 conformation and that 

suboptimal activation states may be left intact.  These suboptimal activation states may be 

sufficient to carry out the housekeeping functions of Jak2-dependent signaling while inadequate 

to produce the pathological effects associated with diabetic nephropathy.  Thus, inhibiting Y972 

phosphorylation may slow the progression of diabetic nephropathy, allowing more time for 

additional treatment.   
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Atherosclerosis 

Atherosclerosis is a disease characterized by the development of vascular lesions.  It shares 

attributes in common with both cardiac I/R injury and diabetic nephropathy.  Like diabetic 

nephropathy, atherosclerosis is a progressive disease as vascular lesions develop over a lifetime.  

It is also similar to cardiac I/R injury in that ROS can have differential signaling effects, 

depending on the dose encountered.  Small to moderate ROS doses are used in proliferative 

signaling pathways in vascular smooth muscle cells (55).  However, as our lab has shown, larger 

doses can activate apoptotic pathways (60).  Interestingly, Jak2 has been shown to mediate both 

categories of responses (55,60).   

The idea of Y972 as a therapeutic target in atherosclerosis is attractive because of its 

progressive nature and the differential effects that ROS produce within the context of this 

disease.  Tyrosine 972 phosphorylation appears to affect maximal Jak2 activation while leaving 

suboptimal activation states intact.  Thus, we propose a model in which Y972 inhibition prevents 

the apoptotic effects associated with large ROS doses while preserving suboptimal Jak2 

activation states in order to carry out cellular housekeeping functions.  This approach would 

allow long-term treatment of this disease and could be administered at the first signs of 

atherosclerotic lesion development.  The Y972-dependent loss of kinase function may hinder the 

progression of atherosclerosis by delaying Jak2-dependent signaling events.  Tyrosine 972 

inhibition may also be beneficial in advanced lesions, where it is necessary to maintain a certain 

level of signaling activity in order to synthesize proteins necessary for plaque stability while 

avoiding vascular smooth muscle cell apoptosis, which can destabilize fibrous plaques.   

S1120 and Jak2 Function 

Serine 1120 resides in the murine Jak2 kinase domain.  Through computer modeling and 

structure-function investigations, we identified S1120 as an amino acid that is critical for Jak2 
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function.  In silico analysis suggests that S1120 may be a key stabilizing component in a four-

helix structural motif within the Jak2 kinase domain.  Furthermore, an evaluation of the solvent 

accessibility of S1120 revealed that it is solvent accessible.  Therefore, it may be a potential site 

of serine phosphorylation within Jak2.  For these reasons, we decided to investigate the effect of 

mutating S1120 to alanine on Jak2 function.  This is a relatively conservative mutation as it only 

removes the –OH functional group from serine.  Thus, any phosphorylative capacity and any 

structurally important hydrogen bonding interactions should be nullified by this mutation.  

We investigated S1120 from an intrinsic angle and within the context of growth hormone 

signaling.  Intrinsically, we found that S1120 is critical for Jak2 autophosphorylation.  

Furthermore, we determined that the S1120A point mutation severely hindered ligand-

independent gene transcription.  In a signaling context, S1120 was shown to be important for 

several aspects of growth hormone signaling, including growth hormone-dependent Jak2 

activation, SH2B-β dependent activation and growth hormone-dependent gene transcription.  

The effects of S1120 on growth hormone dependent signaling were the most noteworthy and 

pathologically relevant findings of this study.  We will discuss their implications for growth 

hormone dependent disorders.   

S1120 and Growth Hormone-Dependent Pathophysiology 

Growth hormone signaling plays an important role in human health.  A delicate balance 

must be achieved as pathological effects are associated with both excessive and inadequate 

growth hormone signaling.  For instance, growth hormone is essential during human 

development and a deficiency results in short stature (87).  In contrast, excessive amounts of 

growth hormone can lead to gigantism and several forms of cancer (87).  While there is evidence 

to suggest that Jak2 plays a role in regulating the growth hormone/IGF-1 system, there is still 

work to be done in fully defining the role of Jak2 in this signaling axis.  For instance, while it is 
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known that growth hormone acts through STAT5 to inhibit IGF-1 binding protein (IGF1BP) 

expression, there is no direct evidence linking Jak2 to growth hormone-dependent STAT5 

activation in this pathway (89).  Furthermore, there is not a direct link between growth hormone 

dependent Jak2 activation and increases in IGF-1 expression.  These questions must be addressed 

before a thorough understanding of the role of Jak2 in growth hormone dependent signaling and 

pathophysiology is obtained.   

A pharmacological inhibitor that is targeted toward S1120 may be a useful tool in 

investigating the role of Jak2 in growth hormone-dependent signaling and pathophysiology.  

Similar to Y972, S1120 was found to be highly solvent-accessible, making it an attractive 

pharmacological target. Whether S1120 binds a phosphate group or forms an important hydrogen 

bond in the Jak2 kinase domain, a pharmacological inhibitor could mimic the effects of the 

S1120 mutation by blocking these interactions, thus achieving the S1120-dependent effects seen 

in Chapter 4.   

Serine 1120-dependent Jak2 inhibition may facilitate an understanding of the potential role 

of Jak2 in IGF-1 protein expression.  In chapter 4, we demonstrated that S1120 is critical for 

Jak2-dependent gene expression in response to growth hormone.  Treating growth hormone-

responsive cells with an S1120 inhibitor prior to challenging them with growth hormone would 

abolish the Jak2-dependent component of growth hormone-mediated gene expression.  The IGF-

1 mRNA levels from these cells could be compared to cells that were not pretreated with 

inhibitor.  Any differences found could be attributed to Jak2-dependent gene transcription.   

The role of Jak2 in growth hormone dependent inhibition of IGF1BP expression could also 

be elucidated by S1120-dependent inhibition.  Experiments evaluating this question would be set 

up in a manner similar to that described above.  However, in this case, STAT5 activation and 
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IGF1BP mRNA expression should be looked at.  Since IGF1BP sequesters IGF-1, a role for Jak2 

in this protein’s expression would be an important discovery as it would link Jak2 to the 

bioavailability of IGF-1. 

Y972 vs. S1120 

In this dissertation, we describe the investigations of two important amino acid residues in 

the Jak2 kinase domain.  Each of these residues has its own unique role in the Jak2 kinase 

domain while also affecting some of the same processes as well.  Both residues reside in the Jak2 

kinase domain (Fig. 1).  A comparison of the two sites and their relevance to Jak2 function can 

provide valuable insight into Jak2 and the structure-function relationship that is so crucial to its 

cellular role. (Table 1).  

In a comparison of Y972 and S1120, differences far outnumber similarities.  The main 

similarity between Y972 and S1120 is that they both significantly affect Jak2 

autophosphorylation.  Beyond this initial finding, the two residues are significantly different 

from one another.  Whereas the Y972-dependent effects on Jak2 function appear to be reversible, 

those dependent on S1120 are immutable and more severe.  For example, while SH2B-β was 

able to restore the Y972-dependent loss of Y1007/Y1008 phosphorylation, it was not able to 

restore Y1007/Y1008 phosphorylation in the S1120A mutant.  Furthermore, while the Y972F 

mutant displayed a loss of kinase function which was expected to affect its ability to drive 

ligand-independent gene expression, this deficit was clearly able to be overcome as the Y972F 

mutant achieved wild-type levels of ligand-independent gene expression.  In contrast, the 

S1120A mutant was not able to achieve wild-type levels of ligand-independent gene expression, 

indicating that the effect of this mutation was much more severe on the intrinsic elements of Jak2 

function.  In chapter 3, we proposed that the loss of Y972 phosphorylation conferred a stability 

deficit to the active Jak2 conformation.  On the other hand, mutating S1120 destabilized the 
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entire Jak2 protein as significantly more Jak2 S1120A plasmid was needed to produce a level of 

expression that was comparable to Jak2 wild-type protein.   

The differences between Y972-dependent and S1120-dependent effects on Jak2 function 

have significant implications for the manner in which Jak2 autophosphorylation data is 

interpreted. As mentioned above, both of these residues were shown to be important for Jak2 

total phosphorylation and Y1007/Y1008 phosphorylation.  The fact that there is such a disparity 

in the functional outcomes of mutating these residues suggests that the autophosphorylation level 

of Jak2 may not be a fully accurate indicator of the functional capacity of Jak2.  As discussed in 

chapter 1, phosphotyrosines play many different roles in Jak2 function, including acting as both 

positive and negative functional regulators.  The fact that the Jak2 Y972F mutant retained a level 

of basal function while displaying an almost total loss in tyrosine phosphorylation may reflect 

the balance between the positive and negative regulators that were affected.  In contrast, the 

S1120A mutation clearly affected the overall stability of the Jak2 protein and thus its loss of 

function may be more attributable to effects on structural stability than loss of tyrosine 

phosphorylation.   

Reflections 

The investigations into Y972 and S1120 are part of an ongoing effort to identify structural 

elements within Jak2 that are critical for its function.  Both studies contribute to the body of 

knowledge pertaining the relationship between Jak2 structure and its function.  However, no 

study is perfect and hindsight is often the best tool for identifying missing elements.  Thus, in 

retrospect we have identified a few elements that would be excellent additions to these 

investigations. 
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Y972 

The investigation into Y972 and its effect on Jak2 function uncovered a differential role for 

Y972 with respect to angiotensin II and growth hormone dependent Jak2 activation.  In our 

conclusions, we asserted that this might be due to the inherent differences between cytokine and 

GPCR signaling.  In retrospect, we should have developed this aspect of the investigation to a 

much greater extent.  Specifically, we should have looked at the role of Y972 phosphorylation in 

multiple cytokine and GPCR signaling pathways to determine if the effects we saw were specific 

to angiotensin II and growth hormone signaling or if they are truly representative of a differential 

role for Y972 phosphorylation with respect to GPCR and cytokine signaling.   

Furthermore, the Y972 investigation lacks parallelism with respect to the comparison of 

angiotensin II and growth hormone signaling.  Thus, experiments looking at the role of Y972 

phosphorylation in angiotensin II dependent Y1007/Y1008 phosphorylation and angiotensin II 

dependent STAT1 nuclear translocation would be valuable additions to this study as they would 

allow for more complete comparisons between these two signaling pathways.  Finally, this study 

would benefit from an evaluation of the role of Y972 phosphorylation in Jak2 dependent gene 

expression in these two pathways.  This aim could be achieved by utilizing the fibroblast cell 

lines stably transfected with the Jak2 Y972F construct.  These elements would greatly facilitate 

the characterization of the role of Y972 phosphorylation in Jak2 function.   

S1120 

The investigation into S1120 lacks a mechanistic explanation for the S1120 dependent 

effects on Jak2 function.  In our investigation, we hypothesized that the S1120-dependent effects 

that we saw may be due the effect of S1120 on Jak2 dimerization.  The in silico data, which 

suggests that S1120 resides near the Jak2 dimer interface partially supports this hypothesis.  The 
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S1120 investigation would greatly benefit from an evaluation of the role of S1120 in Jak2 

dimerization, similar to the dimerization experiment conducted in the Y972 investigation. 

Like the Y972 study, the S1120 study would greatly benefit from a more comprehensive 

examination of the role of S1120 in Jak2 dependent signaling.  For instance, the effect of S1120 

on multiple Jak2-dependent signaling pathways would provide a more complete picture of the 

role of S1120 in Jak2 function.   

In conclusion, these two studies highlight the importance and complexity of the Jak2 

structure/function relationship.  Jak2 amino acids can have profound effects on Jak2 function.  It 

is clear that more investigation is needed in order to fully understand the role of 

autophosphorylation in Jak2 function. Only eight of the 49 Jak2 tyrosines have been identified as 

phosphotyrosines.  However, as we discussed above, our investigation into Y972 suggests that 

there may be many more phosphotyrosine regulatory sites in Jak2 and it is the summation of 

their individual effects that governs Jak2 function.  Additionally, non-tyrosine residues must be 

investigated as well.  These residues may participate in important interactions that maintain 

proper Jak2 function.  The more we understand about the Jak2 structure/function relationship, 

the more insight we will gain into its pivotal role in human health.   
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Table 5-1.  A comparison of S1120A-dependent and Y972F-dependent effects on several 
categories of Jak2 function.  The S1120A and Y972F mutations have similar impacts 
on Jak2 autophosphorylation.  However, there is a significant divergence with respect 
to their effects on all other categories examined.  The S1120A mutation is a much 
more severe structural change as it has much stronger effects on Jak2 function. 
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Figure 5-1.  The relative locations of Y972 and S1120 in murine Jak2.  Tyrosine 972 is 
highlighted in red and S1120 is highlighted in blue.  
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