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ABSTRACT 

Proliferating cells have unique metabolic requirements beyond those of quiescent cells. 

Specifically, blood forming hematopoietic stem cells, during periods of severe blood loss,  

switch from a quiescent glycolytic state to a state dependent on mitochondrial metabolism during 

differentiation and proliferation. This dissertation attempts to define some of the signaling details 

of this switch by using erythropoietin receptor signaling as a model. In cytokine-dependent 

Ba/F3 cell line expressing the receptor for erythropoietin (EpoR) (Ba/F3-EpoR), chemical 

inhibition of mitochondrial function by rotenone decreases in erythropoietin(Epo)-stimulated 

proliferation.  This observation led to the examination of whether Epo could stimulate 

mitochondrial function. To further assess the role of mitochondria in cell proliferation and the 

metabolic functions of Epo, levels of oxidative phosphorylation markers and signaling molecules 

important for mitochondrial biogenesis were measured. Western blotting scans showed increased 

protein levels of cytochrome oxidase subunit IV (CoxIV) and Complex III core protein 2 

following 24 hours of Epo treatment. Interestingly, inhibition of Janus Kinase 2 (Jak2), the 

tyrosine kinase associated with Epo receptor, by AG490 elicited a similar decrease in CoxIV to 

Epo withdrawal even in the presence of Epo. In addition, Epo increased the levels of the 

mitochondrial biogenesis regulator AMP-activated protein kinase α (AMPKα) in a Jak2-

dependent manner within Ba/F3 cells. Both total and phosphorylated (activated) AMPKα were 

increased following Epo stimulation. Treatment with the AMPK inhibitor Compound C 

decreased Epo stimulation of CoxIV, suggesting a linear signaling cascade from Jak2 to 

mitochondrial biogenesis through AMPKα. Examining potential mechanisms, direct binding of 

AMPKα to (EpoR) and Jak2 were observed through immunoprecipitations of transfected lysates 

in a manner exclusive to AMPK regulator subunits β and γ. Furthermore AMPKα was found to 
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be tyrosine phosphorylated in an Epo and Jak2 dependent manner. Taken together, data in this 

dissertation suggests a role for Epo in regulating mitochondrial biogenesis in cytokine dependent 

cells through a potential mechanism of forming a signaling complex between EpoR, Jak2, and 

AMPKα. This signaling complex may provide intersection between Epo’s signaling in cell 

proliferation and metabolism through AMPKα. 
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CHAPTER 1 - INTRODUCTION 

1. Background and Significance 

 Growth and proliferation are vital for the propagation of life and, as a result, must be 

tightly regulated. Controlled cell growth and proliferation is demonstrated in prokaryotes like E. 

coli by the reliance of cell division on a cell size sensing mechanism (Robert et al., 2014). 

Regulation of growth and proliferation is likely more complex in eukaryotes. The coordination 

between the nucleus and the mitochondria and their respective genomes represents one these 

complexities (Mitra et al., 2009; Ryan and Hoogenraad, 2007). Mitochondrial biogenesis is a 

rapidly growing field, but how it is coupled to cellular growth and proliferation remains poorly 

understood. The coordination can occur by two possible models shown in Figure 1. One termed 

the energy debt –repayment model, involves the cell undergoing cell division in response to 

growth factors. If there is insufficient nutrients or energy in the cell, then there is energy stress 

and the cell stops its cell cycle to gather more nutrients. The other model, termed direct 

signaling, involves growth factors, in anticipation of increased metabolic demand of cell 

division, stimulating increased nutrient uptake and metabolic capacity. there are two models of 

how cellular growth and metabolism could be  regulated in multicellular eukaryotes. The work 

described in this dissertation suggests the key metabolic regulator AMP-activated protein kinase 

(AMPK) plays a potential role in coordinating mitochondrial biogenesis with cell growth and 

proliferation under the Epo-EpoR signaling system. 

2. Dependence of Rapid Cell Proliferation on Mitochondrial Oxidative Metabolism 

2.1  Hematopoiesis as model to study cell proliferation 
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 Hematopoietic stem cells (HSCs) are the progenitors to all blood cell types including 

macrophages, lymphocytes, platelets, and red blood cells. HSCs are multi-potent stem cells that 

undergo self-renewal and also become restricted to lymphoid or myeloid cell lineage  (Shen and 

Nilsson, 2012). Specific sets of cytokines then induce further proliferation of lymphoid or 

myeloid progenitors and differentiation to more committed cell types (Doulatov et al., 2012).  

Hematopoiesis can be classified into two types: steady-state and stress (Arranz et al., 2013; Basu 

et al., 2013).  Stress hematopoiesis occurs in response to acute disturbance in body’s homeostasis 

and examples include blood loss and infection.  The transition from steady-state to stress 

involves a change from slow to rapid cell proliferation (Basu et al., 2013; Socolovsky, 2007). 

2.2  Metabolic adaptations in quiescent and rapidly proliferating HSCs  

 Recent studies have begun to reveal that HSCs’ distinct quiescence and proliferation 

programs are linked to metabolic activity (Folmes et al., 2012; Yu et al., 2013). These studies 

suggest that quiescent HSCs maintain their state by utilizing anaerobic glycolysis, while HSCs 

undergoing differentiation and rapid proliferation need to switch to mitochondrial oxidative 

phosphorylation to meet increased energy demands (Takubo et al., 2013; Yu et al., 2013). 

2.3  Metabolism of quiescent HSCs 

 In adult mammals, HSCs reside in hypoxic microenvironments in the bone marrow 

termed niches (Arranz et al., 2013; Takubo et al., 2013). Within these niche, quiescent long-term 

HSCs exhibit higher glycolytic capacity in comparison to other bone marrow cells, and 

preferentially use glycolysis over oxidative phosphorylation (Simsek et al., 2010).  In fact, long-

term HSCs under hypoxic conditions (5% oxygen) rely on  glycolytic metabolism to maintain 

quiescence (Takubo et al., 2013).  
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 The metabolically sustained quiescence of HSCs required transcription factor hypoxia 

inducible factor 1 α (Hif-1α)-mediated activation of pyruvate dehydrogenase kinase 1 (Pdk1) and 

lactate dehydrogenase A (LdhA) (Basu et al., 2013; Takubo et al., 2013). Hif-1α in long term 

HSCs maintains expression of many glycolytic enzymes (hexokinase 3, phosphofructokinase 1, 

pyruvate kinase type M2, among others), and controls the flux of pyruvate into mitochondria 

through regulation of Pdk1 levels (Takubo et al., 2013). During glycolysis, glucose is converted 

to pyruvate where it can either be converted into lactate anaerobically by lactate dehydrogenase 

or acetyl-CoA aerobically for mitochondrial metabolism. The conversion of pyruvate to acetyl-

CoA is catalyzed by pyruvate dehydrogenase (Pdh) whose activity is inactivated by Pdk-

mediated phosphorylation (Harris et al., 2002). A single site phosphorylation is sufficient to 

inactivate Pdh, Pdks can phosphorylate three sites, with only Pdk1 capable of phosphorylating all 

3 sites (Sugden and Holness, 2003). Since relief of inhibition through phosphatases are random 

with presumable phosphatase active site competition (Sugden and Holness, 2003), Pdk1 

inhibition of Pdh takes the longest time to reverse. The Pdk1 inactivation of Pdh reduces the 

supply of acetyl-CoA to mitochondria, reducing mitochondrial metabolism. 

2.4  Metabolism of rapidly proliferating HSCs and requirement of mitochondria for cell 

differentiation 

To support rapid cell proliferation and differentiation, a switch from glycolytic metabolic 

program to mitochondrial oxidative metabolism is required (Basu et al., 2013; Yu et al., 2013). 

During stress hematopoiesis, peroxisome proliferator-activated receptor γ, coactivator 1 α (PGC-

1α), a master regulator of mitochondrial biogenesis, is required for glucose uptake, and 

metabolic reprogramming in support of rapid proliferation under 20 hours of mildly hypoxic 
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conditions (5% O2) (Basu et al., 2013). Mild hypoxia led to increases in mitochondrial content 

and mitochondrial activity (Basu et al., 2013). Within 20 hours of 5% O2, PGC-1α dependent 

decreases in Hif-1α, Pdk1, and Ldh1 levels were observed in HSCs (Basu et al., 2013). Together 

these changes represent a shift from glycolytic metabolism toward mitochondrial metabolism, 

increasing pyruvate flux toward mitochondrial metabolism (Basu et al., 2013).  

Mitochondria are also required for differentiation of HSCs. Conditional deletion of 

protein tyrosine phosphatase mitochondrial 1 (PTPMT1), a PTEN-like mitochondrial 

phosphatase, in mice reduced mitochondrial metabolism in HSCs (Yu et al., 2013). This 

reduction in mitochondrial activity blocked the ability of the long-term HSCs to differentiate 

with decreased populations of differentiated blood cells (Yu et al., 2013). Instead expansion of 

the multi-potent HSC population was observed (Yu et al., 2013). HSCs with PTPMT1 deleted 

have elevated levels of phosphorylated AMPK and phosphorylated Acetyl-CoA carboxylase, 

markers of metabolic energy stress and AMPK activity, respectively (Yu et al., 2013). These data 

suggest that defective mitochondrial oxidative metabolism is not sufficient to meet the energetic 

demand for rapid proliferation and subsequent differentiation. 

2.5  Rationale for glycolysis during maintenance and self-renewal of HSC population 

Oxidation of 1 molecule of glucose to CO2 produces 36 to 38 molecules of ATP while 

glycolysis of 1 molecule of glucose to pyruvate or lactate produces 2 molecules of ATP. The 

more efficient utilization of glucose in oxidative metabolism enables a high rate of ATP 

production needed for rapid cell proliferation and differentiation. However, it does not account 

for the preference of quiescent HSCs for glycolysis.  A likely explanation may be the high rate of 

reactive oxygen species production inherent in oxidative metabolism. By employing glycolysis, 
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the damage from reactive oxygen species to DNA could be minimized in quiescent stem cells. 

The strongest evidence for this hypothesis lies in the existence of temporally segregated 

oxidative and reductive metabolism corresponding to different phases in cell cycle in yeast 

during nutrient-limiting conditions (Chen et al., 2007; Tu and McKnight, 2006). 

Yeast primarily ferments glucose to ethanol in a high glucose environment with minimal 

oxidation of glucose to CO2. However, oxidation of glucose to CO2 becomes preferred in low 

glucose environment and a “metabolic cycle” is observed in which cells alternate between 

oxidative metabolism and glycolysis over time (Klevecz et al., 2004; Reinke and Gatfield, 2006; 

Tu and McKnight, 2006). The metabolic cycle involves separating different metabolic processes 

temporally to ensure proper coordination of nutrient uptake and utilization during cell division 

and cell cycle progression (Klevecz et al., 2004; Reinke and Gatfield, 2006; Tu and McKnight, 

2006). At the G1 phase of the cell cycle, an initial oxidative phase occurs where the biosynthesis 

of many cellular components takes place (Klevecz et al., 2004; Reinke and Gatfield, 2006; Tu 

and McKnight, 2006). The oxidative phase is primarily supported by energy generated from 

mitochondria. This is then followed by a reductive phase, where DNA replication and 

mitochondrial biogenesis occur (S phase/G2/M), supported by energy from non-respiratory 

metabolism (Chen et al., 2007; Tu and McKnight, 2006). Disrupting the precise coordination 

between metabolic cycle and cell cycle leads to aberrant DNA synthesis during the oxidative 

phase, which in turn causes accumulation of mutations in the genome (Chen et al., 2007; Tu and 

McKnight, 2006). 

Additional evidence in support of coordination between cell cycle progression and 

metabolism modes comes from observations that cyclin D1, a member of the highly conserved 

cyclin family, promotes nuclear DNA replication but represses mitochondrial function 
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(Sakamaki et al., 2006; Wang et al., 2006). Cyclin D1 enables the cell cycle to progress past the 

restriction point in G1, where the cell ensures, among other aspects, that sufficient energy is 

available to progress towards S phase. Additionally, erythroid cells lacking the retinoblastoma 

protein (Rb), which is required for G1/S transition, are defective in mitochondrial biogenesis, 

further supporting the metabolic cycle hypothesis (Sankaran et al., 2008). Thus the cell cycle for 

most cells appears to have an initial oxidative phase of mitochondrially supplied energy to 

support the biosynthesis of cellular components. This initial phase is then followed by a 

reductive phase where energy supplied from nonrespiratory metabolism supports nuclear DNA 

synthesis and mitochondrial biogenesis. Since, respiratory metabolism generates reactive oxygen 

species which react with and damage DNA, cells reduce their respiratory metabolic activity 

during DNA replication (Chen et al., 2007). 

In summary, self-renewing HSCs use anaerobic glycolysis to maintain a quiescent state 

but switch their metabolic programming towards mitochondrial metabolism to meet increased 

energy demands of proliferation and differentiation. The mechanisms involved in this switch 

remain unclear but likely involve protein kinases and transcription factors that control cellular 

metabolism. 

3. Essential Features of Protein Kinases 

 AMPK is a member of the large superfamily of protein kinases – enzymes that transfer 

the terminal γ phosphate of adenosine triphosphate (ATP) to serine, threonine, or tyrosine 

residues on proteins.  The human kinome (collection of all protein kinases in a genome) contains 

approximately 500 protein kinases, or 2% of all genes (Manning et al., 2002). All kinases share a 

conserved domain of approximately 200 to 250 amino acids that is responsible for their catalytic 
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activity (Adams, 2001). This domain constitutes the highly conserved core structure of all 

kinases (Adams, 2001). The protein kinase core consists of two lobes connected by a linker 

(Adams, 2001).  One of the lobes binds ATP and consists mainly of α helices while the other 

lobe is composed predominantly of β strands and is primarily responsible for substrate binding 

(Adams, 2001).  When the two lobes come into close contact with one another a binding pocket 

for both ATP and substrate is formed to facilitate catalysis. 

4. AMP-Activated Protein Kinase – Subunit Composition, Structure, and Location 

  AMPK is a serine threonine kinase that acts as a key regulator of cellular and whole-

body energy homeostasis, coordinating energy supply with energy demand (Hardie, 2004). It 

exists as a heterotrimeric enzyme with three subunits, a catalytic α subunit and two regulatory 

subunits β and γ (Hardie, 2004). To date, these subunits have orthologs in nearly every 

eukaryotic genome with the exception being Encephalitozoon cuniculi, an obligate intracellular 

parasite lacking mitochondria (Hardie, 2011; Miranda-Saavedra et al., 2007).  

When purified mammalian AMPK was sequenced and corresponding cDNA cloned 

(Mitchelhill et al., 1994; Woods et al., 1994), the catalytic subunit corresponded to the 

Saccharomyces cerevisiae kinase Snf1 (sucrose nonfermenting), which was identified in 1986 

(Celenza and Carlson, 1986). Snf1 mutants were unable to grow on sucrose when sucrose was 

switched for glucose as the sole carbon source (Celenza and Carlson, 1984). Additional studies 

revealed Sip1, Sip2, and Gal83 to be S. cerevisiae counterparts to the mammalian β subunits and 

Snf4 to be the S. cerevisiae counterpart to the mammalian γ subunits (Gao et al., 1996; Woods et 

al., 1996a). 
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As detailed in succeeding sections, specific hormones and intracellular metabolic stress 

signals have been shown to activate AMPK (Hawley et al., 1996; Minokoshi et al., 2002). When 

activated, AMPK induces processes that conserve and generate ATP. AMPK activity also serves 

as a signal to the cell that it is under energy deprivation (Hardie, 2004). 

4.1  AMPK α subunit 

 The AMPKα catalytic subunit consists of three functional domains: an amino-terminal 

catalytic domain, an adjacent autoinhibitory domain, and finally a β-γ binding domain necessary 

for complex formation with the β and γ subunits (Crute et al., 1998). There are two isoforms of 

the α subunit present in mammals: α1 (548 amino acids, molecular weight of 63kD) and α2 (552 

amino acids, also 63kD). Both α subunits have N-terminal kinase domains (α1:1-314; α2: 1-312) 

that are 89% identical (Stapleton et al., 1996; Steinberg and Kemp, 2009) to each other. In 

contrast, the remaining C-terminal portions only share 60% identity (Oakhill et al., 2009). 

4.2  Expression of AMPK α subunit 

The α1 isoform is expressed nearly ubiquitously with high expression in adipose and 

pancreatic islet β cells and low expression in spleen and the remaining majority of the pancreas 

(Stapleton et al., 1996; Verhoeven et al., 1995). The α2 subunit is the predominant form found in 

cardiac and skeletal muscle (Stapleton et al., 1996; Verhoeven et al., 1995). There is 

approximately equal expression for α1 and α2 isoforms in liver (Woods et al., 1996b). There are 

three alternative α1 transcripts generated by either alternate initiation or splicing and one 

alternative transcript for the α2 subunit produced by splicing (Steinberg and Kemp, 2009). The 

longest alternate α1 transcript contains a 15 amino acid insertion between the D and E helices on 

the kinase domain (Steinberg and Kemp, 2009; Taipale et al., 2012). This insertion enhances 

binding to Heat Shock Protein 90 (Hsp90) (Taipale et al., 2012; Zhang et al., 2012). 
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4.3 Cellular Localization of AMPK α subunit 

Additionally there are localization differences between α isoforms, with the α1 localized 

in the cytosol and the α2 localizing in both the cytosol and the nucleus (Kazgan et al., 2010; Salt 

et al., 1998; Suzuki et al., 2007; Warden et al., 2001). As a result of α2 nuclear localization, it is 

thought that AMPK can directly regulate gene transcription. 

4.4  Regulation of AMPK activity by upstream kinases 

 Under low energy conditions, LKB1, a constitutively active kinase complexed with 

STRADα and MO25α proteins, activates AMPKα by phosphorylating a specific threonine 

residue (residue 172 on the α2 subunit, residue 174 on the α1 subunit) on the activation loop in 

the kinase catalytic domain (Hawley et al., 2003). LKB1’s ability to phosphorylate and activate 

AMPKα is dependent on allosteric changes in AMPK (Hardie, 2004). Recombinant 

heterotrimeric AMPK expressed in Escherichia coli is not phosphorylated and has insignificant 

kinase activity (Neumann et al., 2003). Two other kinases, calmodulin-dependent kinase kinase 

(CamKK) and transforming growth factor (TGF)-β-activated kinase-1 have also been identified 

as kinases that phosphorylate threonine 172/174 on AMPKα1/2.   

  The kinase domain of AMPK has a canonical bilobal structure similar to other protein 

kinases as described in Section 3, with the active site forming in the cleft between the 2 lobes, 

similar to the structure of cyclic AMP-dependent protein kinase/Protein Kinase A (PKA) 

(Oakhill et al., 2009). The inactive form adopts an open conformation, which makes the 

activation loop more accessible for protein phosphatases (Littler et al., 2010; Xiao et al., 2011). 

Conversely, a closed conformation represents the active conformation typical of most protein 
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kinases; the closed conformation blocks protein phosphatases from accessing the phosphorylated 

residue in the activation loop (Littler et al., 2010; Xiao et al., 2011) 

4.5  AMPK regulatory subunits: β subunits  

 The β subunit of AMPK contains a glycogen binding domain and a domain sufficient for 

complex formation with the α and γ subunit (Oakhill et al., 2009). Additionally the β subunit is 

thought to mediate AMPK subcellular localization to glycogen granules and membranes (Iseli et 

al., 2005; Oakhill et al., 2010; Polekhina et al., 2005; Warden et al., 2001). There are two β 

isoforms: β1 and β2. The β1 has widespread expression while the β2 is found in the heart and at 

high expression levels in skeletal muscle (Steinberg and Kemp, 2009). The mammalian β 

isoforms, while similar in size only share 39% sequence identity in the N-terminal portion 

(residues 1-75) but the remainder of the molecules are 81% identical (Steinberg and Kemp, 

2009). It is thought that the sequence divergence in the N-terminus between the β subunits 

confers the differences in ligand binding and pharmacological compound binding (Bieri et al., 

2012; Koay et al., 2010) 

4.6  AMPK regulatory subunits: γ subunits  

The AMPK γ subunit can bind AMP or ATP through its four cystathione β synthase 

(CBS) domains, numbered 1-4 corresponding to their location in the amino acid sequence 

(Steinberg and Kemp, 2009). Two CBS domains forming together are termed a “Bateman 

domain”(Oakhill et al., 2009). Together the four CBS domains form a “flattened disk” with one 

CBS domain per quadrant, with the four ligand binding sites oriented in the center (Hardie et al., 

2012).  
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Each CBS domains can bind a single AMP, ADP, or ATP molecule independently, so 

that one entire γ subunit can bind four molecules of AMP, ADP, or ATP (Hardie et al., 2012; 

Scott et al., 2009). These CBS domains bind AMP or ATP with positive cooperativity (Scott et 

al., 2009). AMP binding allosterically activates AMPK, while ATP has an antagonistic effect on 

AMPK activity (Cheung et al., 2000; Davies et al., 1995).  

In mammals there are three expressed isoforms. The γ1 (36kD) and γ2 (63kD) subunits 

are widely expressed (Cheung et al., 2000; Viollet et al., 2009). The γ3 subunit (55kD) is highly 

expressed in fast twitch glycolytic skeletal muscle (type IIb), with moderate levels found in type 

IIa fast-twitch fibers and red oxidative glycolytic muscle (Viollet et al., 2009; Yu et al., 2004).  It 

remains unclear what functional differences exist between the different γ subunits.  

5. AMP-Activated Protein Kinase – Regulation of Activity 

5.1  Mechanism of AMPK autoinhibition 

 Autoinhibitory sequences refer to protein domains that through intramolecular 

interactions negatively regulate catalytic activity of enzymes. The α subunit of AMPK has been 

shown to have an autoinhibitory domain located c-terminally adjacent to the kinase domain 

between approximately amino acid residues 310-340(Oakhill et al., 2009). Truncation mutants of 

AMPKα subunit that lack the autoinhibitory region displayed significant increases in catalytic 

activity independent of expression levels (Crute et al., 1998; Jiang and Carlson, 1996). To date, 

while there is complete structure information for the γ subunit, and most of the βand α subunits, 

there are no structural data for the autoinhibitory domain for mammalian AMPK. An x-ray 

crystallographic study using the kinase domain of AMPK ortholog in fission yeast S. pombe and 

the autoinhibitory domain of budding yeast S. cerevisiae, shows that the autoinhibitory domain 
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interacts between the N and C-terminal lobes of the kinase domain on the backside opposite from 

the active site (Chen et al., 2009). Through this interaction, the autoinhibitory domain wedges 

itself between the lobes, preventing the kinase domain from closing completely. The two lobes of 

the AMPKα kinase domain can be pictured as the two blades in a pair of scissors with the active 

site located between the blades. The autoinhibitory domain acts as a wedge between the handles 

to prevent the scissors from closing all the way. As described in Section 3, the closed 

conformation in which ATP and substrate bound to each of the two catalytic domain lobes are 

brought together in close proximity with each other is typical of kinases in their active state. The 

partially open kinase domain allows phosphatases to access the activation loop phosphorylation 

site, inactivating protein kinase activity. Hydrophobic effect is thought to mediate the interaction 

between the kinase domain (~1500 Å
2
) and the autoinhibitory domain (Chen et al., 2009). 

Disruption of hydrophobic interaction between the autoinhibitory domain and the kinase domain 

via mutagenesis activates Snf1/AMPKα (Chen et al., 2009; Momcilovic and Carlson, 2011; Pang 

et al., 2007).  

In addition to the autoinhibitory domain on the α subunit, another potential method of 

AMPK autoregulation is through a putative pseudo-substrate sequence embedded in the site 2 

CBS domain of the AMPKγ2 subunit (Scott et al., 2007).  Pseudosubstrates are commonly found 

in protein kinases and they autoinhibit kinase activity by matching the consensus substrate motif 

but lack an amino acid phospho-acceptor (Adams, 2001). The pseudosubstrate sequence within 

the γ2 site 2 CBS domain has been suggested to bind to the catalytic site of the α-subunit in the 

absence of AMP, blocking access by upstream kinases and substrates (Scott et al., 2007). AMP 

binding at site 2 presumably creates a conformational change releasing the pseudosubstrate 

sequence from the active site. Substituting the valine residue at position 155 of AMPKγ2 to 
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serine leads to phosphorylation at that position (Scott et al., 2007). Whether the pseudosubstrate 

acts intramolecularly within an AMPK heterotrimer or intermolecularly between two 

heterotrimers remains unclear. 

5.2  Regulation by nucleotide binding: protection from phosphatases and allosteric activation 

 Binding of AMP to the AMPK heterotrimer leads to activation of its catalytic activity via 

two mechanisms: 1) maintaining the active phosphorylated form of AMPK via conformational 

changes near the active site that inhibit dephosphorylation by protein phosphatase and 2) 

allosteric activation of catalytic activity independent of the phosphorylation state of the kinase 

(Hardie, 2004). Phosphorylation of the kinase activation loop has a stronger effect on overall 

kinase activity than allosteric regulation (Hardie, 2004). Together AMP/ADP binding to AMPKγ 

site 3 CBS domain serves an on/off switch for AMPK activity by affecting the phosphorylation 

state of the kinase, while AMP binding to site 1 acts as an allosteric activity amplifier (Xiao et 

al., 2011). 

5.3  AMP binding 

AMP binding to site 1 allosterically activates AMPK, though it remains unclear how this 

allosteric activation takes place (Hardie et al., 2011). Mutations in sites 1, 3, and 4 affect AMP’s 

allosteric activation of AMPK, suggesting interaction between the three sites is required (Oakhill 

et al., 2010). 

 AMP binding to the exchangeable third nucleotide binding site on the γ regulatory 

subunit (AMPKγ site 3 CBS domain) modulates AMPK phosphorylation status by limiting 

dephosphorylation (Xiao et al., 2013; Xiao et al., 2011). The mechanism by which ADP or AMP 

binding to site 3 protects AMPK from dephosphorylation is thought to involve interaction 
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between the bound AMP/ADP and a region of the α subunit termed the α-hook. The α-hook is a 

small region on the α subunit (approximately amino acid residues 340 to 380) adjacent to the C-

terminal end of the autoinhibitory domain (Carling et al., 2011; Xiao et al., 2011). The α-hook 

interacts with site 3 CBS domain on AMPKγ in the most complete crystal structures to date 

(Xiao et al., 2013; Xiao et al., 2011). It was proposed that the α-hook interacts with the 

nucleotide binding site only when AMP or ADP is bound, but not when ATP is present at the 

site. Through this interaction, the α-hook region permits AMP/ADP to allosterically activate the 

α-subunit, but AMP-binding’s protection against dephosphorylation of T172 residue by 

phosphatases is lost (Chandrashekarappa et al., 2011; Xiao et al., 2011). Interestingly, the 

corresponding region on Snf1 is not required for ADP-mediated protection against 

dephosphorylation, highlighting that there are many differences between the mammalian and the 

unicellular AMPKs (Chandrashekarappa et al., 2011). 

5.4  ADP binding 

The effect of ADP binding on AMPK activity is a subject of much debate (Carling et al., 

2012; Oakhill et al., 2009; Xiao et al., 2011). ADP is unable to allosterically activate rat liver 

AMPK (Carling et al., 1989) as well as recombinant AMPK from E. coli (Xiao et al., 2011). 

From the most recent x-ray crystal structure of γ1, it appears that site 2 CBS domain remains 

unoccupied while site 4 tightly binds AMP in a non-exchangeable and permanent fashion (Xiao 

et al., 2011). Recent structural data suggest that ADP only binds at one of two exchangeable 

adenine nucleotide binding sites (site 3), which is only capable of protecting AMPK from 

dephosphorylation (Xiao et al., 2011).  

5.5  Regulation of AMPK activity by phosphorylation 
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 As with many protein kinases, AMPK activity requires phosphorylation by an upstream 

kinase, specifically at threonine 172. Through genetic screens, several upstream kinases of the 

yeast homolog of AMPK, SNF1, have been identified and these are Sak1 (snf1-activating kinase-

1, formerly named Pak1),  Elm1 (elongated morphology 1), and Tos3 (target of sbf3). Identified 

phosphorylation sites with characterized effects and the phosphorylating kinases are listed in 

Table 1 below. 

Table 1: Characterized AMPK phosphorylation sites (other than T172 by LKB1, CamKK, or 

Tak1, and autophosphorylation) 

AMPK 

Subunit 

Location Kinase Effect Reference 
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α1/2  485/491 

(Serine) 

Protein Kinase 

A (PKA)/p70S6 

Kinase/Autopho

sphorylation 

Inhibition of 

signaling 

(Dagon et al., 

2012; Djouder 

et al., 2010; 

Steinberg and 

Kemp, 2009) 

α1 173 (Serine) PKA Inhibits 

activation by 

Lkb1 

(Djouder et al., 

2010) 

α1 360 (Serine) Uncoordinated 

51 like kinase 1 

(Ulk1) 

All sites by 

Ulk1 on α,β and 

γ cumulatively 

inhibits LKB1 

activation 

(Loffler et al., 

2011) 

α1 368 

(Threonine) 

Ulk1  (Loffler et al., 

2011) 

α1 

 

α1 

397 (Serine) 

486 (Serine) 

Ulk1 

Ulk1 

 (Loffler et al., 

2011) 

(Loffler et al., 

2011) 

α1 488 

(Threonine) 

Ulk1  (Loffler et al., 

2011) 

β1 

 

β1 

 

38 (Serine) 

39 

(Threonine) 

Ulk1 

Ulk1 

 (Loffler et al., 

2011) 

(Loffler et al., 

2011) 

β1 

 

β1 

68 (Serine) 

173 (Serine) 

Ulk1 

Ulk1 

 (Loffler et al., 

2011) 
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(Loffler et al., 

2011) 

γ1 260 (Serine) Ulk1  (Loffler et al., 

2011) 

γ1 

 

γ1 

 

262 

(Threonine) 

269 (Serine) 

Ulk1 

Ulk1 

 (Loffler et al., 

2011) 

(Loffler et al., 

2011) 

 

5.6  Regulation of AMPK activity by myristoylation 

 It has been found that both β subunits are myristoylated at glycine-2 after the N-terminal 

methionine is processed (Oakhill et al., 2010; Warden et al., 2001). Myristoylation is required for 

activation of the AMPK, loss of myristoylation through site-directed mutagenesis leads to 

another autoinhibited state that cannot be relieved by AMP(Oakhill et al., 2010).  

6. AMPK Downstream Signaling 

 Activated AMPK regulates cellular metabolism by downregulating ATP-consuming 

processes such as fatty acid biosynthesis and upregulating processes that generate ATP including 

fatty acid oxidation, glycolysis, and glucose uptake (Hardie, 2004). Often this is mediated via 

direct phosphorylation of metabolic enzymes, but also through long-term effects on gene 

expression (Hardie, 2004). Phosphorylation and subsequent inactivation of acetyl-CoA 

carboxylase, the rate-limiting step in fatty acid synthesis, represents an example of metabolic 

regulation by AMPK through direct phosphorylation (Hardie, 2004). In contrast, AMPK-induced 
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increase in cellular energy production capacity occurs following transcriptional activation of 

genes involved in mitochondrial biogenesis (Reznick and Shulman, 2006). 

6.1  AMPK substrate consensus motif 

Structural modeling and site-directed mutagenesis (Hardie, 2010; Scott et al., 2002) and 

positional scanning peptide library (Gwinn et al., 2008) have revealed a preference for 

leucine/methionine at position -5 (N-terminal), basic residues at -3 or -4, and polar residues at +3 

(C-terminal) from the phosphoacceptor site. Additionally, there is a strong bias for serine or 

valine at -2 (Gwinn et al., 2008). These data are in accordance with the known and well-studied 

in vivo AMPK substrates (Gwinn et al., 2008). 

7. Regulation of Carbohydrate Metabolism by AMPK 

 Blood glucose levels are maintained within a specific range by a multi-organ system that 

balances glucose from diet and hepatic production with uptake, utilization, and storage  

(DeFronzo, 1988)]. Abnormal glucose homeostasis and elevated blood glucose are hallmarks of 

type 2 diabetes (Defronzo, 2009). AMPK activation contributes to the maintenance of blood 

glucose levels by increasing tissue glucose uptake and suppressing hepatic gluconeogenesis 

(Steinberg and Kemp, 2009). 

7.1  Glucose uptake 

AMPK affects glucose uptake at three different levels: stimulating translocation of 

glucose transporters, influencing insulin sensitivity, and transcribing genes. Skeletal muscle 

makes up 45% of lean body mass and is responsible for 80% of insulin-stimulated glucose 

uptake (DeFronzo, 1988), thus skeletal muscle glucose uptake will be the primary focus of this 

discussion. Glucose uptake across the plasma membrane occurs via facilitated diffusion through 



33 

 
transmembrane proteins termed glucose transporters (GLUTs). GLUT4 is the main isoform 

expressed in skeletal muscle and adipose tissue.  Its translocation from intracellular vesicles to 

the plasma membrane is considered rate-limiting for glucose uptake in response to stimuli such 

as insulin and muscle contraction (Cline et al., 1999). Accumulating evidence suggests that the 

signaling components for GLUT4 translocation and subsequent glucose uptake are different for 

insulin and exercise stimulation (Ruderman et al., 2013; Steinberg and Kemp, 2009). AMPK is 

important for exercise-stimulated glucose transport and GLUT4 translocation independent of 

insulin action (O'Neill, 2013) 

Insulin-stimulated translocation of GLUT4 requires Rab GTPases TBC1D1 and TBC1D4 

(also known as AKT substrate of 160 kDa, or AS160) (Sakamoto and Holman, 2008). AS160 

contains two phosphotyrosine-binding (PTB) domains at the N-terminus and a Rab-GAP 

(GTPase-activating protein) domain at the C-terminus (Cartee and Funai, 2009). The Rab-GAP 

domain has been proposed to promote GTP hydrolysis to GDP by Rab proteins (Cartee and 

Funai, 2009; Chen et al., 2008; Fukuda, 2011). AKT phosphorylates AS160 at multiple sites in 

response to insulin treatment (Sakamoto and Holman, 2008). AS160 phosphorylation leads to 

inhibition of its GAP activity and interaction with the multi-functional signaling molecule-

binding protein 14-3-3 (Geraghty et al., 2007). Such blocking of GAP activity relieves the 

AS160/TBC1D1-mediated inhibition of GLUT4 vesicle movement and initiation of exocytosis.  

In cell free experiments, AMPK directly phosphorylates AS160 at multiple sites leading to 

enhanced 14-3-3 binding (Geraghty et al., 2007). Immunodepletion of AS160 in muscle lysate 

revealed that TBC1D1 is also an AMPK substrate (Taylor et al., 2008) and activation of AMPK 

leads to 14-3-3 binding to TBC1D1 (Chen et al., 2008). In contrast, phosphorylation of TBC1D1 

by Akt under insulin-stimulated conditions does not promote 14-3-3 binding (Fukuda, 2011). In 
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terms of relative expression levels, AS160 is highest in the predominantly oxidative soleus 

muscle and adipose tissue, whereas TBC1D1 is higher in glycolytic muscles (Steinberg and 

Kemp, 2009). Together Akt and AMPK signaling through AS160 and TBC1D1 form a 

complementary system whereby maximal GLUT4 translocation requires that both components 

(Akt and AMPK) are active. 

7.2  Insulin sensitivity 

  Insulin receptor is a member of the receptor tyrosine kinase family of type 1 cell surface 

transmembrane proteins (Taniguchi et al., 2006). Downstream signaling of insulin receptor upon 

binding to insulin and activation of receptor tyrosine kinase activity depends upon a family of 

insulin receptor substrate (IRS) molecules (Taniguchi et al., 2006). Insulin receptor substrate-1 

(IRS-1) is the first member identified (O'Neill, 2013). IRS-1 is a large molecule with molecular 

weight around 185 kDa and its numerous phosphorylation sites, both tyrosine and 

serine/threonine, provide docking sites for other signaling molecules (Taniguchi et al., 2006). 

AMPK phosphorylates IRS-1 at Ser-789 in vitro and a pharmacological activator of AMPK, 5-

amino-1-β-D-ribofuranosyl-imidazole-4-carboxamide (AICAR), increases IRS-1 

phosphorylation at Ser-789 in C2C12 muscle cells (Jakobsen et al., 2001).  Phosphorylation by 

AMPK increased insulin-stimulated IRS-1 dependent signaling (Cline et al., 1999), thereby 

increasing responsiveness of cells to insulin. 

8. Mitochondrial Biogenesis 

  Mitochondrial biogenesis is defined as the import of proteins into mitochondria and 

increase in mitochondrial volume (Ryan and Hoogenraad, 2007). Following these processes is 

the subsequent division of the organelle by fission (Ryan and Hoogenraad, 2007). Mitochondrial 
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biogenesis requires the coordination of gene expression between the nuclear genome (which 

encodes 98% proteins within the mitochondria) and mitochondrial genome (which contains 

genes encoding certain electron transport chain subunits, transfer and ribosomal RNAs) (Ryan 

and Hoogenraad, 2007). Specific signaling pathways that regulate mitochondrial biogenesis and 

function have been described in yeast and in mammalian cells, but many of the intermediate 

steps remain unclear (Reznick and Shulman, 2006)).  Mitochondrial proliferation is stimulated 

by exercise via Ca
2+

/calmodulin dependent protein kinase type IV (CaMKIV) (Schaeffer et al., 

2004). In addition, c-myc protooncogene product increases mitochondrial proliferation by 

binding to the promoter of the mitochondrial transcription factor A (TFAM) gene (Lin et al., 

2005). TFAM is an important regulator of mitochondrial transcription and DNA 

replication(Scarpulla, 2006). Certain steroids, thyroid hormone (T3), and leptin are among the 

hormones and cytokines that have been shown to regulate mitochondrial biogenesis (Irrcher et 

al., 2008; McAinch et al., 2007; McClelland et al., 2004; Orci et al., 2004; Yen, 2001). 

 In mammalian cells, the factor that closely resembles a universal regulator of 

mitochondrial biogenesis is PGC-1 (Finck and Kelly, 2006). PGC-1 is a transcriptional 

coactivator that interacts with transcription factors (nuclear receptors and non-nuclear receptors) 

and histone acetyltransferases and facilitates pre-mRNA splicing (Lin et al., 2005).  Exercise, 

cold environment, and low cellular energy are among the stimuli that could activate PGC-1 

expression (Lin et al., 2005; Reznick and Shulman, 2006). 

 PGC-1 upregulates the expression of transcription factors Nuclear Respiratory Factor 1 

and 2 (NRF-1 and NRF-2) as well as its own expression (Handschin et al., 2003; Scarpulla, 

2008). NRF-1 and NRF-2 increase expression of a host of genes essential for mitochondrial 
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function (Scarpulla, 2008). These genes code for proteins in the mitochondrial respiratory chain, 

oxidative phosphorylation, heme biosynthesis, and mitochondrial protein translation, import, and 

assembly (Scarpulla, 2006). Additionally, PGC-1 binds and coactivates NRF-1 and NRF-2 to 

increase TFAM expression, and initiates both the transcription and replication of mitochondrial 

DNA (Ryan and Hoogenraad, 2007; Scarpulla, 2006). Mitochondrial genomes vary greatly in 

size among different organism, from 16.6 kilo-base pairs (kbp) in humans to 366.9 kbp in 

Arabidopsis thaliana (Lang et al., 2003) 

AMPK and its upstream activating kinase Lkb1 (liver kinase b 1) are positive regulators 

of PGC-1α (Gan et al., 2010; Jager et al., 2007). Deletion of either kinase decreases 

mitochondrial biogenesis and energy production (Gan et al., 2010; Gurumurthy et al., 2010; 

Nakada et al., 2010).  

 PGC-1 is activated upon phosphorylation by AMPK and inactivated upon Akt 

phosphorylation (Jager et al., 2007; Li et al., 2007). Exercise induced or pharmacological 

activation of AMPK leads to PGC-1α phosphorylation and activation. There are two AMPK 

phosphorylation sites, at threonine 177 and serine 538, on the mouse protein.  

9. Erythropoiesis, Erythropoietin (Epo), Erythropoietin Receptor (EpoR) and Janus 

Kinase 2 (Jak2) 

Erythropoiesis, the specific type of hematopoiesis in which HSCs differentiate into red 

blood cells, occurs over a two week span in humans (Socolovsky, 2007). The earliest identified 

erythroid progenitors are the slow dividing burst-forming unit erythroids (BFU-E) (Lodish et al., 

2010). BFU-E cells progressively mature after 2 or 3 divisions into the rapidly proliferating 

colony-forming unit erythroids (CFU-E). The CFU-E progenitors divide 3-5 times over the 
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course of 2-3 days during differentiation into red blood cells (Lodish et al., 2010; Socolovsky, 

2013). CFU-E differentiation involves reduction in cell size, chromatin condensation, and 

hemoglobin synthesis (Lodish et al., 2010). Finally enucleation and extrusion of cellular 

organelles then follow (Lodish et al., 2010). 

 Steady-state erythropoiesis refers to homeostatic production of red blood cells at 

replacement level (1% of total cell mass per day) (Socolovsky, 2007). Stress erythropoiesis 

occurs in response to acute anemic or hypoxic stress, increasing daily red blood cell production 

by 10-fold over steady-state (Socolovsky, 2007). Epo is a cytokine whose biological role and 

signaling mechanisms in proliferation and differentiation of red blood cell precursors are well 

characterized in vivo (Lodish et al., 2010). Epo is required for the survival of the late 

intermediate precursor cells of erythropoiesis, the BFU-E and CFU-E stages (Richmond et al., 

2005). Structurally, Epo contains 4 amphipathic helices connected by 2 disulfide bonds, 

grouping the helices into a bundle (Syed et al., 1998). Epo is heavily glycosylated (3 N-linked 

and 1 O-linked carbohydrate chains) and glycosylation is important for 1) the stability and 

solubility of Epo during circulation and 2) modulation of receptor binding kinetics for optimal 

downstream signaling (Banks, 2011; Darling et al., 2002). 

In mammals, Epo is primarily produced by the kidney, with liver also being capable of 

Epo secretion (Richmond et al., 2005). The expression of Epo is mainly controlled at the 

transcriptional level, with hypoxia being the only characterized stimulant of Epo gene 

transcription (Franke et al., 2013). Hypoxia inducible factor (HIF) is activated in response to low 

blood oxygen tension, forming a heterodimer of α and β subunits (Franke et al., 2013). This HIF 

heterodimer then binds to a hypoxia regulatory element downstream of the polyadenylation site 
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of the Epo gene to increase transcription of the Epo gene at a high level (Franke et al., 2013). 

Once expressed and secreted, Epo binds to a preformed dimer of its cognate receptor, 

erythropoietin receptor (EpoR) (Richmond et al., 2005). 

EpoR is a type I cytokine receptor, a family that includes receptors for Epo, 

thrombopoietin, and interleukins. Type I cytokine receptors lack intrinsic kinase activity and rely 

on tightly bound cytoplasmic kinases for signal transmission. One such kinase, Janus kinase 2 

(Jak2), binds to the cytoplasmic region of EpoR near the plasma membrane and exhibits tyrosine 

kinase activity following ligand binding to EpoR (Richmond et al., 2005). Two regions on the 

cytosolic portion of EpoR termed Box 1 and Box 2 are required for Jak2 binding and activation 

(Jiang et al., 1996). Activated Jak2 phosphorylates tyrosine residues on the cytosolic domains of 

EpoR, providing anchoring sites for proteins containing Src Homology 2 (SH2) 

phosphotyrosine–binding domains (Richmond et al., 2005). These events trigger the activation of 

Ras, PI3-Kinase, and signal transducer and activator of transcription (STAT) pathways that 

promote proliferation, differentiation, and survival of erythroid precursor cells (Richmond et al., 

2005). 

 Jak2 is composed of 7 Jak homology (JH) domains that can be categorized into three 

larger domains, an amino terminal FERM (band-four-point-one, ezrin, radixin, and moesin) 

domain (JH 3-7), a pseudokinase domain often called K1 or JH2 domain, and a tyrosine kinase 

domain, termed K2 or JH1 domain. Jak2 contains at least 20 phosphotyrosine sites and its 

activity can be positively or negatively regulated by phosphorylation (Ungureanu et al., 2011). In 

the absence of cytokine stimulation, serine 523 (in the JH2 domain) is constitutively 

phosphorylated, rendering Jak2 inactive (Silvennoinen et al., 2013).  
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 FERM domains, while found widely among many proteins, are only found in two 

families of tyrosine kinases, Janus kinases and FAK tyrosine kinases (Frame et al., 2010). The 

FERM domain in Jak2 consists of a SH2-like domain in JH3-4 and a FERM domain in JH4-JH7 

(Silvennoinen et al., 2013). Functionally, the FERM domain is required for Golgi trafficking of 

the EpoR-Jak2 complex (Huang et al., 2001).  

 C-terminal to the FERM domain of Jak2 has a tandem kinase domain structure unique 

among the tyrosine kinase families (Hubbard and Till, 2000). The tandem kinase domains consist 

of a pseudokinase domain, JH2 or K1, and catalytic tyrosine kinase domain, JH1 or K2. The 

pseudokinase domain is thought to negatively regulate Jak2 activity, and long presumed to be 

catalytically inactive (Richmond et al., 2005). Mutations in the JH2 domain of Jak2 lead to 

myeloproliferative neoplasms (O et al., 2013; Silvennoinen et al., 2013). These mutations often 

result in constitutive Jak2 JH1 tyrosine kinase activity (Silvennoinen et al., 2013). Recently, the 

pseudokinase domain has been shown have dual specificity kinase activity, phosphorylating 

serine 523 under unstimulated conditions and Tyr-570 under cytokine stimulated conditions 

(Ungureanu et al., 2011). These two sites negatively regulate Jak2 JH1 tyrosine kinase activity. 

Tyr-570 phosphorylation is reduced in cells from patients with the V617F Jak2 mutation, the 

most common mutation in patients with myeloproliferative neoplasms (O et al., 2013; 

Silvennoinen et al., 2013; Ungureanu et al., 2011)  

9.1  JAK-STAT and Ras Signaling 

 STATs are SH2 domain containing transcription factors involved in cytokine signaling 

(Aaronson and Horvath, 2002). Epo activates 3 members of the STAT family, STAT1, STAT3, 



40 

 
and STAT5a/b, whose activation in turn lead to upregulation of several anti-apoptotic genes and 

cell cycle regulators (Richmond et al., 2005). 

 Ras initiates the activation of the Raf1 Kinase-Mek1/2 (Map and Erk Kinases 1 and 2)-

Erk1/2 (extracellular regulated kinases 1 and 2) cascade (Richmond et al., 2005; Taniguchi et al., 

2006). The Ras-MAPK pathway is primarily involved in upregulating cell growth, survival, and 

differentiation (Taniguchi et al., 2006).  

9.2  PI3-Kinase-Akt 

  Phosphatidylinositol 3-kinase (PI3-kinase) is a lipid kinase composed of a regulatory 

subunit and a catalytic subunit (Richmond et al., 2005). Direct binding of PI3-kinase regulatory 

subunit to EpoR activates the catalytic subunit (Richmond et al., 2005). Ras protooncogene can 

independently activate PI3-kinase (Rodriguez-Viciana et al., 1994). Activated PI3-kinases 

phosphorylate phosphatidyinositol 4,5 biphosphate (PIP2), forming the lipid second messenger 

phosphatidyinositol 3,4,5 triphosphate (PIP3) to recruit PDK1 kinase to the cell membrane 

(Taniguchi et al., 2006). PDK1 activates the serine/theonine protein kinase Akt/protein kinase B 

(PKB) to promote cell survival, proliferation, differentiation, and growth (Manning and Cantley, 

2007). Akt promotes rapamycin-sensitive cell growth by phosphorylating and inactivating TSC2, 

part of the TSC1/2 complex involved in inhibiting mTOR activity (Tee et al., 2003). mTOR 

activation permits cell growth and protein translation, inhibition therefore represses cell growth.  

10.  Dissertation Outline 

Proliferating cells have unique metabolic demands over those of quiescent cells.  For 

HSCs, the transition from quiescent and self-renewing to proliferative and differentiation 
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involves a switch in their metabolism from glycolysis to mitochondrial metabolism. This switch 

is necessary under conditions of stress hematopoiesis.   

The mechanisms by which this metabolic switch occurs remains largely unclear due to a 

variety of reasons. A primary reason is the difficulty in isolating, culturing, and maintaining 

long-term HSCs. Only one out of 10,000 bone marrow cells are long-term HSCs, making them 

quite rare, with an estimated 20,000 long-term HSCs per individual (Health, 2014; Holstege et 

al., 2014). Additionally the conditions required to maintain long-term HSCs are complex and not 

completely understood (Askmyr et al., 2009; Shen and Nilsson, 2012; Zhang and Lodish, 2008). 

These challenges make it difficult elucidate the mechanisms of this metabolic switch. 

Understanding the biology of the metabolic switch involved in transitioning from a 

quiescent to a rapidly dividing switch may have applications towards replenishment of lost blood 

and generation of blood transfusion units ex-vivo. 

Chapter 2, through the use of an Epo-responsive cell line as a model signaling system for 

hematopoiesis, shows Epo stimulation of mitochondria and the mitochondrial biogenesis 

regulator AMPKα. These data suggest an expansion of the well characterized Epo signaling 

system to include a role regulating cellular metabolism. Chapter 3 details studies into a potential 

mechanism by which Epo can regulate AMPKα and by extension, cellular metabolism. This 

mechanism involves direct binding to EpoR and Jak2 by AMPKα. Chapter 4 summarizes the 

work presented in Chapters 2 and 3, and presents potential future work. 
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Figure Legend: 

Figure 1: Two models on how growth factors could coordinate metabolism. Energy debt 

repayment model involves the cell division without any metabolic changes until energy stress 

occurs, incurring possible cell cycle delay. Anticipatory model involves growth factors directly 

stimulating cell metabolism, anticipating increased metabolic demand from cell division.   
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CHAPTER 2 - DISRUPTION OF ERYTHROPOIETIN-INDUCED INCREASED IN 

MITOCHONDRIAL OXIDATIVE PHOSPHORYLATION CAPACITY IN BA/F3 

CELLS FOLLOWING PHARMACOLOGICAL INHIBITION OF AMP-ACTIVATED 

PROTEIN KINASE 

 

 

 1.  Introduction 

 Erythropoiesis is the formation of red blood cells that takes place during 3-5 cell 

divisions starting from BFU-E (burst forming unit, erythroid) and CFU-E (colony forming unit, 

erythroid) progenitors that differentiate through different cell states until eventually these cells 

form red blood cells (Socolovsky, 2013). The BFU-E and CFU-E stages requires the circulating 

hormone erythropoietin (Epo) to proliferate and differentiate into red blood cells (Richmond et 

al., 2005). Specifically these intermediate states require Epo to survive. The absence of Epo 

signaling at these stages results in cellular apoptosis (Richmond et al., 2005). 

Proper mitochondrial biogenesis and function are required for normal red blood cell 

development (Sankaran et al., 2008).  Erythroid cells lacking the retinoblastoma protein (Rb), 

which is required for G1/S transition, are defective in mitochondrial biogenesis in addition to 

failing to exit the cell cycle(Sankaran et al., 2008) This suggests a link between mitochondrial 

biogenesis and proper cell cycle function in erythroid cells.  In addition, a recent study suggests 

that cord blood progenitor cells with high mitochondria function generated more CFUs in culture 

(Romero-Moya et al., 2013). 

We hypothesized that Epo stimulates mitochondrial capacity to support proliferation.  To 

test this, we examined mitochondrial protein content under Epo stimulated conditions in a well 

characterized model for studying Epo receptor (EpoR) signaling system, the murine pro-B cell 

line Ba/F3 cells expressing EpoR (Ba/F3-EpoR) (Becker et al., 2010).  Ba/F3-EpoR cells display 
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Epo-dependent cell growth, while the parental Ba/F3 cells are responsive to IL-3 only.  

Stimulation of Ba/F3-EpoR cells with Epo resulted in increased erythroid differentiation markers 

 and -globin mRNA, GATA-1 transcription factor activation, and upregulation of erythroid 

specific transcription factors NF-E2 and EKLF(Chiba et al., 1993).  Ba/F3-EpoR cells when 

stimulated with Epo undergo partial erythroid differentiation (Carroll et al., 1995). 

We found that Epo treatment in Ba/F3 cells resulted in increased mitochondrial protein 

content and oxidative phosphorylation (OXPHOS) subunit levels.  Additionally we found that 

Epo stimulated total and active phosphorylated AMPKα, a protein kinase involved in 

mitochondrial biogenesis, and transcriptional activation of AMPKα1.  Loss of Epo-stimulated 

mitochondrial biogenesis upon pharmacological inhibition of Jak2 and AMPK suggests these 

two kinases play an important role in coordinating mitochondrial function to cell proliferation in 

response to Epo. 

2. Materials & Methods 

2.1 Cell Culture and Cytokine Stimulation – Studies were conducted in cytokine-dependent 

Ba/F3 suspension cells expressing influenza hemagglutinin (HA) epitope-tagged mouse 

erythropoietin receptor (Ba/F3-EpoR) (Constantinescu et al., 2001).  The studies examining the 

effects of Epo and Compound C on Cox IV protein levels were performed using Ba/F3 cells with 

untagged murine EpoR (Ba/F3-mEpoR) (Liu et al., 2000).  Cells were maintained at 37ºC in 5% 

CO2/95% air in RPMI 1640 media with 10% fetal bovine serum (FBS), 100 g/mL penicillin, 

100 g/mL streptomycin, 5 mM L-glutamine, and 10% filtered conditioned media collected from 

WEHI 3B cells.  WEHI 3B and HEK 293T cells were maintained in DMEM with 10% FBS, 100 
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g/mL penicillin, 100 g/mL streptomycin, and 5 mM L-Glutamine.  Ba/F3 cells were grown to 

stationary phase (approximately 1 million cells/mL) prior to Epo stimulation, rinsed three times 

in cytokine-free RPMI then diluted to 200,000 to 400,000 cells/mL to allow logarithmic phase 

growth.  Human recombinant Epo (Prospec or EMD Millipore) stimulation of Ba/F3-EpoR cells 

was performed in the FBS-containing RPMI 1640 media described above but in the absence of 

WEHI 3B cell-conditioned media. 

2.2  Cell Proliferation Assay – Ba/F3-EpoR cells were rinsed three times in cytokine-free RPMI 

1640 media with 10% FBS and incubated in the same media for 2 to 4 hours at 37 ºC.  After cell 

concentration was adjusted to 2.5x10
5
/mL, Epo was added at varying concentrations as indicated 

in the Results section and in figures.  The cells were stained in 0.4% trypan blue and counted 

with a hemocytometer after 24 hours. 

2.3  Immunoblot Analysis – Following Epo stimulation, Ba/F3-EpoR cells were washed in PBS 

and lysed in RIPA buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% Nonidet P-40,
 
0.5% 

sodium deoxycholate, 0.1% SDS) with 1 mM sodium orthovanadate (Fisher Scientific), 1 µM 

microcystin LR (Calbiochem), Phosphatase Inhibitor Cocktails I and II (Sigma) and a cocktail of 

protease inhibitors (Complete Protease Inhibitor tablet with EDTA from Roche).  The lysates 

were then centrifuged at 20,000 g at 4°C for 10 minutes and supernatant was collected for further 

analysis.  For analysis of mitochondrial proteins, 4X LDS sample buffer (Invitrogen) and 500 

mM DTT were added to lysates to yield final concentrations of 1X LDS buffer and 50mM DTT 

followed by sonciation and heating at 42˚C for 20 minutes.  Other samples were heated at 70C 

for 15 min.  Samples were separated by SDS-PAGE and then transferred onto nitrocellulose 

membranes at 0.81 mA/cm
2
 gel area for 75 minutes in a TE-70 semi-dry transfer apparatus 
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(Hoefer) in 48 mM Tris-HCl pH 8.3, 38 mM glycine, 20% methanol and 0.037% SDS (37).  

Nitrocellulose membranes were then blocked in 5% BSA in TBST for 1 hour at room 

temperature (RT), then probed overnight with primary antibody in the same blocking buffer at 

4°C.  After washing, blots were probed with secondary antibodies conjugated to horse radish 

peroxidase (Jackson ImmunoResearch Laboratories) or infra-red fluorescent dyes (LiCor) for 1 

hour at RT.  Blots containing HRP-conjugated antibodies were extensively washed then treated 

with SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific) and 

exposed to x-ray film.  Blots incubated with IR-Dye conjugated antibody (LiCor) were scanned 

on an Odyssey scanner (LiCor).  Band intensities were analyzed using ImageJ or Odyssey 

software.  The primary antibodies used came from multiple sources: AMPKα were purchased 

from Cell Signaling, CoxIV and CoxI antibodies were from Molecular Probes, OXPHOS 

antibody cocktail was from Mitosciences, Antibodies against TATA binding protein was from 

Abcam.   

2.4  MitoTracker fluorescence – Ba/F3-EpoR cells were rinsed three times in phenol red-free 

RPMI 1640 with 10% FBS in absence of cytokines for 2-4 hours.  Cells were then cultured in 

RPMI 1640 with either 0 or 5 U/mL Epo for 24 hours.  Thereafter, separate pools of cells were 

stained with MitoTracker Deep Red (M-22426, Molecular Probes) at final concentration in 

media of 25 nM or MitoTracker Orange CM-H2TMRos (M-7511, Molecular Probes) at final 

concentration in media of 1.5 M.  After washing, cells were transferred to a 24 well plate and 

scanned with a Typhoon scanner.  Equivalent numbers of unstained cells were used as 

background auto-fluorescence control. 



48 

 
2.5  Confocal Microscopy – Ba/F3-EpoR cells were cultured for 18 hours with or without 5 

U/mL Epo as described above.  Cells were stained with 1.5 µM MitoTracker Deep Red and fixed 

with 4% paraformaldehyde.  Following fixation, cells were stained with DAPI at 0.2 µg/mL, 

added to polylysine coated coverslips, and placed on microscope slides. Cells were visualized on 

a Nikon C1si confocal microscope. 

2.6  Real-Time Quantitative PCR – Total RNA was isolated from Ba/F3-EpoR cells after 24 

hours of being cultured with 0 or 5 U/mL of Epo in RPMI media using Trizol reagent (Life 

Technologies).  Reverse transcription and quantitative real-time PCR was performed using a kit 

from Roche with Sybr-Green as fluorophore.  Data were analyzed using the Pfaffl method 

(Pfaffl, 2001) with TATA binding protein as the reference molecule and non-Epo treated 

samples as the control.  AMPKα1-specific primer sequences were taken from the study by 

Mulligan et al. (39) which spanned intron-exon junctions to avoid amplifying genomic DNA.  

The sequences of AMPKα1 primers are as follows forward: 5’-

AAGCCGACCCAATTACATCA-3’, reverse: 5’-CTTCCTTCGTACACGCAAAT-3’.  The 

sequences of AMPKα2 primers are 5’-AGCTTGCAGTGGCTTATCAT-3’ and 5’-

GGGGCTGTCTGCTATGAGAG-3’.  The sequences of the TATA binding protein are: 5’-

GAGTTGCTTGCTCTGCTG-3’ and 5’-CTGGCTTGTGTGGGAAAGAT-3’. 

2.7  Statistical Analysis – Data are presented as mean ± SE.  Statistical comparisons between 

various groups under different treatment conditions were performed using either paired, two-

tailed, Student’s t-test or one sample, two-tailed, t-test against expected value of 1.  The 

particular statistical analyses applied to the results in specific experiments are described figure 

legends.  All experiments were performed at least three times unless otherwise noted. 
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3.  Results 

3.1  Erythropoietin (Epo) stimulation of cell proliferation is sensitive to inhibitor of 

mitochondrial function. 

 Numerous studies have shown that cells undergoing rapid proliferation need to switch to 

mitochondrial oxidative phosphorylation to meet increased energy demands (Basu et al., 2013; 

Takubo et al., 2013; Yu et al., 2013).  To determine the mechanisms by which Epo coordinates 

cell proliferation with mitochondrial biogenesis, we chose Ba/F3 cells as a model system for 

further study.  Ba/F3 is a murine interleukin-3 dependent pro-B suspension cell line whose 

proliferation can be made Epo-dependent upon introduction of Epo receptor.  To understand 

whether normal mitochondrial function is required for Epo-stimulated Ba/F3-EpoR cell 

proliferation, cells were treated for three days with different concentrations of Epo and rotenone, 

a non-competitive inhibitor of electron transport chain Complex I and mitochondrial function 

(Grivennikova et al., 1997).  Rotenone does not completely stop electron transport in 

mitochondria, as electrons can still be supplied to Complexes III and IV from Complex II 

(Grivennikova et al., 1997). Rotenone at 0.5 M depressed Epo-stimulated proliferation at all 

concentrations of Epo tested (p < 0.01 in paired, two-tailed, t-test, Figure 1).  These data indicate 

that optimal Epo-stimulated proliferation requires operation of mitochondrial electron transport 

system at a level beyond that which can be inhibited by 0.5 µM rotenone.  Interestingly, rotenone 

at 0.125 µM was not as effective in inhibiting cell proliferation as 0.5 µM at 0.4 and 1.6 U/mL 

Epo (p < 0.01 in paired, two-tailed, t-test, Figure 1).  These results are consistent with a graded 

response between mitochondrial oxidative phosphorylation and cell proliferation in which 
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demand for contribution from mitochondrial oxidative phosphorylation increases as cellular 

proliferative energy requirement increases. 

3.2 Epo stimulates mitochondrial protein content and OXPHOS protein levels 

The multiple lines of evidence detailed in Introduction showed separately the role of Epo 

in stimulating mitochondrial biogenesis and oxygen consumption on one hand and the role of 

AMP-activated protein kinase (AMPK) in Epo-mediated cytoprotection and slow-twitch muscle 

development (Barkova, 1972a; Barkova, 1972b; Carraway et al., 2010; Li et al., 2011; Wang et 

al., 2013).  We thus hypothesized that Epo could increase mitochondrial biogenesis through 

activation of AMPK.  To test this hypothesis, Ba/F3-EpoR cells were incubated with 0 or 5 

U/mL of Epo for 18 hours and stained with MitoTracker Deep Red and DAPI for, respectively, 

mitochondrial protein and double-stranded nucleic acid.  Confocal imaging showed more areas 

within Ba/F3-EpoR cells with MitoTracker Deep Red staining under Epo-stimulated conditions 

compared to basal conditions (Figure 2A).  To obtain quantitative difference in MitoTracker 

Deep Red staining between basal and Epo-stimulated conditions, fluorescence in Ba/F3-EpoR 

cells were determined using a Typhoon scanner.  As shown in Figure 2B, cells treated with Epo 

for 24 hours exhibited an approximately 50% increase in fluorescence due to MitoTracker Deep 

Red staining of mitochondria.  To assess the functionality of the expanded mitochondrial 

compartment bound to MitoTracker Deep Red, we also stained Ba/F3-EpoR cells after 24 hours 

in the absence or presence of 5 U/mL Epo with MitoTracker Orange CM-H2TMRos, a non-

fluorescent dye whose accumulation in mitochondria depends on a high membrane potential and 

becomes fluorescent upon oxidation.  As shown in Figure 2C, cells treated with Epo for 24 hours 

displayed a comparable increase in MitoTracker Orange CM-H2TMRos staining as MitoTracker 
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Deep Red staining, suggesting expansion of functional mitochondrial compartment in Ba/F3-

EpoR cells following Epo treatment. 

 To investigate whether Epo could stimulate mitochondrial electron transport system, 

protein levels of representative subunits of the electron transport chain (OXPHOS) in lysates of 

Ba/F3-EpoR cells were examined under varying concentrations of Epo for 24 hours.  The 

subunits in increasing order of size are NDUF8 (Complex I), Iron-Sulfur containing subunit  

(Complex II), cytochrome bc-1 subunit I (Complex III), COX-I (Complex IV), and ATP-

synthase α subunit (Complex V).  As shown in Figure 3, levels of representative proteins in 

Complex I, III, and IV were increased under Epo-stimulated conditions compared to basal 

conditions.  Representative proteins in Complex II and V showed a trend toward higher levels in 

Epo-treated cells (Figure 3).  These results are consistent with expansion of mitochondrial 

compartment determined using MitoTracker Deep Red and MitoTracker Orange CM-H2TMRos 

stains. 

3.3 Pharmacological inhibition of Jak2 and AMPK abrogates Epo-mediated increase in CoxIV 

protein. 

 Epo has previously been shown to signal through Jak2 (Richmond et al., 2005).  To 

investigate whether Epo can stimulate mitochondrial electron transport system in a Jak2 

dependent manner, protein levels of mitochondrial cytochrome oxidase subunit IV (CoxIV) in 

Ba/F3-EpoR cells were examined under varying concentrations of Epo in absence and presence 

of the Jak2 inhibitor AG490 for 24 hours.  CoxIV is a nuclear encoded subunit of mitochondrial 

electron transport system Complex IV and is a marker of mitochondrial biogenesis (43).  As 

shown in Figure 4A, CoxIV protein levels increased in Ba/F3-EpoR cells simulated with 5 U/mL 

Epo for 24 hours compared with untreated cells.  The increase in CoxIV upon Epo stimulation 
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was lost in the presence of 50 µM AG490 (Figure 4A).  These data suggest that Epo-stimulated 

activation of Jak2 is required to maintain CoxIV in the cytokine dependent Ba/F3-EpoR cell line. 

 AMPK is a known regulator of mitochondrial biogenesis and has been shown to directly 

phosphorylate and activate PGC-1α (Jager et al., 2007; Reznick and Shulman, 2006), a 

transcriptional co-activator with a well-defined role in mitochondrial biogenesis (Wu et al., 

1999).  Leptin is a cytokine that shares many signaling components with Epo including Jak2 

(Howard and Flier, 2006).  Supraphysiological concentrations of leptin achieved through 

transduction of an adenoviral vector carrying leptin cDNA in rats resulted in increased CoxIV 

levels, AMPK activation, and mitochondrial biogenesis in white adipose tissue (Orci et al., 

2004).  These lines of evidence prompted us to test whether the Epo-induced increase in CoxIV 

protein depends upon AMPK activity.  A chemical inhibitor of AMPK, Compound C, was added 

to Ba/F3-EpoR cell cultures in the presence and absence of Epo.  As shown in Figure 4B, 

addition of 40 µM Compound C decreased CoxIV protein levels under basal and Epo-stimulated 

conditions.  This suggests that the stimulatory effects of Epo on CoxIV protein levels require 

active AMPK. 

3.4 Epo increases both T172-phosphorylated and total AMPKα protein levels in a Jak2 

dependent manner. 

The observation that Epo stimulation of CoxIV is sensitive to AMPK inhibition led us to 

hypothesize that Epo could increase AMPK activity.  AMPK consists of a catalytic α subunit and 

two regulatory subunits,  and , in equimolar ratio (Hardie, 2004).  To assess whether Epo 

stimulates AMPK, levels of total AMPKα and the extent of its phosphorylation at the activation 

loop T172 residue, a meter of its activity, were measured in Ba/F3-EpoR cells following 
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treatment with or without Epo for 24 hours (Figures 5A).  Although acute Epo stimulation (under 

1 hour) did not change total AMPK or its phosphorylation at T172 residue (data not shown), 

Epo stimulation over a period of 24 hours increased phospho-T172 and total AMPKα levels 

(Figure 5A). 

To determine if the Epo-mediated increase in total and phospho-T172 AMPKα is 

dependent on Jak2 activity similar to CoxIV, Ba/F3-EpoR cells were treated with the Jak2 

inhibitor AG490 both in presence and absence of Epo.  Inhibition of Jak2 activity by AG490 was 

associated with diminished increase in both total and T172-phosphorylated AMPKα (Figure 5B).  

These data suggest that increased levels of CoxIV, total AMPKα, and phospho-T172 AMPKα 

following Epo treatment are Jak2 dependent. 

3.5 Epo Stimulation leads to an increase in AMPKα2 mRNA over AMPKα1 

To further assess the mechanisms underlying the increased AMPKα protein levels 

following Epo treatment, we determined if stimulation with Epo could influence levels of 

AMPKα mRNA.  Ba/F3-EpoR cells were stimulated with 0 or 5 U/mL of Epo for 24 hours and 

levels of AMPKα1 and α2 mRNA were measured using quantitative real-time PCR.  We 

observed a trend of increased AMPKα2 mRNA with a no change in AMPKα1 mRNA following 

Epo stimulation (Figure 5C). These data suggest that increases in AMPKα protein levels could 

be due to increased AMPKα2 transcript expression. 

4. Discussion 

 Here we show that Epo stimulated transcriptional activation of AMPKα2 through 

activation of Jak2 leading to increased concentrations of both total and T172-phosphorylated 
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AMPKα protein in Ba/F3 cells (Figure 5).  We also found that Epo stimulated mitochondrial 

protein content (Figures 2 and 3) in a manner that depended on Jak2 and AMPKα activation 

(Figure 4).  In addition, inhibition of mitochondrial activity decreased Epo-stimulated Ba/F3 cell 

proliferation (Figure 1).  Overall, these data are consistent with Epo coordinating mitochondrial 

biogenesis through AMPK activation to meet the energetic demands of cell proliferation. 

 The Jak2 dependent increase in total AMPKα and T172 phosphorylation (Figure 5) is 

consistent with observations of increased AMPK activity in muscle and brown adipose tissue of 

protein tyrosine phosphatase PTP1B deficient mice (Xue et al., 2009), where presumably there is 

decreased inhibition of tyrosine kinase activity. This is particularly interesting in that Jak2 is a 

substrate of PTP1B(Myers et al., 2001).  In PTP1B-deficient mice, increased AMPK activity was 

associated with higher mitochondrial content and expression of AMPK targets regulating 

mitochondrial biogenesis and fat oxidation (Xue et al., 2009). 

The selective increase in AMPKα2 transcript (Figure 5C) is not consistent with the 

observation that α1 is the predominant AMPK isoform in murine erythrocytes (Wang et al., 

2010).  The significance of the selective increase of AMPKα2 transcript over AMPKα1 is 

unclear. There are reports of differential cellular localization of α1 and α2, but it appears to be 

cell type and context dependent (Kazgan et al., 2010).  Additionally, AMPKα1 and α2 differ in 

substrate specificity (Michell et al., 1996; Woods et al., 1996b), which suggests that each 

isozyme may have overlapping but also divergent biological functions. 

 The biological significance of our results is limited by Ba/F3 being an immortalized cell 

line selected for the ability to proliferate without differentiating.  However, Liboi and colleagues 

have suggested that the Ba/F3 cells expressing receptor for Epo may resemble erythroid-like or 
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pluripotent progenitor cells more than pro-B cells (Liboi et al., 1993).  The Ba/F3 cell expressing 

Epo receptor also expressed erythroid lineage specific transcription factors GATA-1 and NF-E2 

(Liboi et al., 1993).  Nevertheless, future experiments must be performed using biologically 

more relevant models of erythropoiesis. 

 Inhibition of Jak2 or AMPK via pharmacological means could lead to potential off-target 

effects due to non-specific binding of the inhibitors to molecules other than Jak2 or AMPK.  

Ideally the results should be confirmed by genetic means.  However, Ba/F3 cells require at least 

partial Jak2 activity for survival (Drachman et al., 1999).   We have stably introduced the kinase-

deficient T172A mutant of AMPKα2 in retroviral vector into Ba/F3-EpoR cells.  These cells 

exhibited a growth rate slower than parental cells treated with 0.5 µM rotenone (data not shown) 

and decreased MitoTracker Deep Red staining (data not shown).  However, they paradoxically 

displayed higher staining with the redox-sensitive MitoTracker Orange CM-H2TMRos (data not 

shown).  These preliminary results likely reflect the multitude of functions associated with 

AMPK.  Indeed, mice without AMPKα1 or α2 exhibited a variety of defects (Viollet et al., 

2009).   

 Our results showing Epo stimulation of mitochondrial protein content in Ba/F3-EpoR 

cells are consistent with reports that Epo stimulates mitochondrial content and metabolism in 

bone marrow cells (Barkova, 1972a) and heart (Carraway et al., 2010).  Epo additionally 

preserved mitochondrial membrane potential in Ba/F3 cells (Figure 2C).  There are published 

reports stating that the import of mitochondrial preproteins and ferrous iron (Fe
2+

) across the 

mitochondrial inner membrane is partly facilitated by inner membrane potential (Koehler, 2004; 

Lill and Muhlenhoff, 2008). Specifically initiation of protein import is driven by an 
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electrophoretic effect of positively charged residues towards the negative matrix side of the 

matrix (Koehler, 2004), so a high membrane potential may facilitate protein import. During 

erythropoiesis, red blood precursor cells that are dependent on Epo uptake iron and synthesize 

heme for hemoglobin synthesis (Socolovsky, 2013), prior to complete differentiation. Since 

mitochondria are necessary for heme synthesis and many aspects of iron metabolism (Fontenay 

et al., 2006), this work may shed light on how Epo could coordinate metabolism and 

differentiation. 

 In summary, these data show Epo signaling stimulates mitochondrial protein content and 

mitochondrial biogenesis regulator AMPKα in a Jak2 dependent manner. In addition to the well 

characterized signaling cascades that directly regulate cell survival and proliferation, our data 

represent a new role of Epo controlling cell metabolism through regulation of AMPKα and 

mitochondria. A diagram depicting this signaling is shown below (Figure S1). 
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Figure 1.   
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Figure Legends 

Figure 1.  Rotenone inhibits Epo-stimulated proliferation of Ba/F3 cells stably infected with 

receptor for Epo (Ba/F3-EpoR).  Ba/F3-EpoR cells were treated with increasing concentrations 

of Epo (0.0063, 0.25, 0.1, 0.4, 1.6 U/mL) in the presence of 0, 0.125, or 0.5 M rotenone for 24 

hours.  Following staining with Trypan blue, cells were counted using a hemacytometer on an 

inverted microscope.  Cell counts were averaged from six to nine independent experiments. 

 

Figure 2. Epo increases mitochondrial protein content and preserves membrane potential.  

Ba/F3-EpoR cells were treated for 18 to 24 hours with 0 or 5 U/mL Epo and stained with (A and 

B) MitoTracker Deep Red or (C) MitoTracker Orange CM-H2TMRos according to 

manufacturer’s instructions.  One set of cells stained with MitoTracker Deep Red were fixed 

with paraformaldehyde, stained with DAPI, and then excited with appropriate lasers for 

visualization using confocal microscopy.  (A) Representative confocal images of Ba/F3-EpoR 

cells treated with (Epo-stimulated) or without (basal) 5 U/mL Epo.  Areas in red represent 

staining with MitoTracker Deep Red and areas in blue represent staining with DAPI.  (B and C) 

Bar graphs of fluorescence intensity due to staining with (B) MitoTracker Deep Red and (C) 

MitoTracker Orange CM-H2TMRos in Ba/F3-EpoR cells treated with 0 or 5 U/mL Epo.  

Fluorescence intensities in stained and unstained cells were measured in a Typhoon scanner 

following excitation with appropriate lasers.  After subtraction of auto-fluorescence determined 

using equal number of unstained cells, the fluorescence intensities were normalized to the 

average fluorescence intensity of cells not treated with Epo.  Asterisks (*) denote p < 0.05 in 

paired, two-tailed, Student’s t-test with n=4. 
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Figure 3. Epo increases OXPHOS protein levels in Ba/F3 cells.  Ba/F3-EpoR cells were 

incubated for 24 hours with 0 or 5 U/mL Epo, sonicated, and lysates were prepared for 

immunoblot analysis.  Samples were probed for representative OXPHOS protein levels using a 

mixture of antibodies.  Immunoreactivity of TATA-binding protein was measured as loading 

control.  Numerals indicate the specific OXPHOS complex in which a particular protein is found.  

The specific proteins recognized by the antibody mixture are listed in Results.  Bar graph depicts 

densitometric intensities of OXPHOS protein bands normalized to those from cells treated 

without Epo and averaged from three independent experiments. TATA binding protein levels 

were used to normalize for protein loading. Asterisks (*) and dagger (†) denote p < 0.03 and 

0.06, respectively, in one sample, two-tailed, t-test against expected value of 1. 

 

Figure 4.  Pharmacological inhibition of (A) Jak2 by AG490 and (B) AMPK by Compound C 

abrogates Epo-mediated increase in cytochrome oxidase complex (Complex IV) subunit IV 

(CoxIV) protein.  Ba/F3-EpoR cells were cultured in the absence or presence of 50 µM Jak2 

inhibitor AG490 or 40 µM AMPK inhibitor Compound C and/or 5 U/mL Epo for 24 hours.  

Cells were sonicated and the lysates analyzed by SDS-PAGE and Western blotting as described 

in Methods.  Levels of GAPDH or β-tubulin were also determined as loading controls. 

 

Figure 5. (A) Epo increases total and activated T172-phosphorylated AMPKα levels in Ba/F3-

EpoR cells.  Ba/F3-EpoR cells were treated for 24 hours with 0 or 1 U/mL Epo and prepared for 

immunoblot analysis.  Samples were probed for total AMPKα and AMPKα phosphorylated at 

T172 residue.  GAPDH protein levels were measured as loading control.  (B) Loss of Epo-
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stimulated increase in total and T172-phosphorylated AMPKα concentration in Ba/F3-EpoR 

cells following treatment with Jak2 inhibitor AG490.  Ba/F3-EpoR cells were treated and 

processed as described in part A and in Methods.  Immunoblot analyses of cells were performed 

to determine the intracellular concentrations of total AMPKα, T172-phosphorylated AMPKα, 

and GAPDH.  (C) Epo preferentially stimulates AMPKα2 transcript.  Levels of AMPKα1 and α2 

mRNA were measured by real-time RT-PCR.  Data were analyzed using the comparative Ct 

method (Schmittgen and Livak, 2008) with TATA binding protein as the reference molecule and 

non-Epo treated samples as control.  Results were averaged from three independent experiments. 
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Chapter 3 

AMP-ACTIVATED PROTEIN KINASE Α SUBUNIT PHYSICALLY INTERACTS 

WITH ERYTHROPOIETIN RECEPTOR AND UNDERGOES JANUS KINASE 2-

DEPENDENT TYROSINE PHOSPHORYLATION 

 

 

Introduction 

AMP-activated protein kinase (AMPK) is sensor of cellular energy status and a master 

metabolic regulator (Hardie et al., 2012).  It is activated by metabolic stress reflected in a high 

cellular AMP:ATP ratio and by cytokines and hormones including leptin, interleukin-6, and 

adiponectin (Hardie et al., 2012).  AMPK activation due to metabolic stress results in 

serine/threonine phosphorylation of numerous downstream targets to inactivate anabolic and 

activate catabolic processes (Hardie et al., 2012).  Pharmacologically AMPK can be activated by 

a number of compounds including metformin (Hardie et al., 2012), thienopyridone class 

compound A-769662 (Cool et al., 2006), and salicylate (Hawley et al., 2012).  AMPK is a 

heterotrimeric enzyme composed of an α catalytic subunit and two scaffolding/regulatory 

subunits β and γ (Hardie et al., 2012).  The β subunit has a glycogen binding domain and is 

thought to act as a scaffold holding the α and γ subunits together (Oakhill et al., 2009).  The γ 

subunit contains 4 nucleotide binding sites organized into 2 Bateman domains and binding to 

AMP versus ATP affect the activity of the α catalytic subunit in, respectively, positive and 

negative fashion (Hardie et al., 2011).  In mammals there are two α (α1 and α2), two β (β1 and 

β2), and three γ subunits (γ1, γ2, γ3) (Hardie, 2004).  

Binding of AMP to the γ subunit promotes phosphorylation of the α subunit at threonine 

172 residue (T172) by LKB1 leading to 50- to 100-fold higher AMPK activity (Shaw et al., 

2004; Woods et al., 2003a).  AMP binding also inhibits AMPKα  dephosphorylation at T172 
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(Carling et al., 2011) and allosterically activate AMPK approximately 5-fold independently of 

phosphorylation status (Carling et al., 2012).  AMP’s effect on AMPK’s activation is 

antagonized by high concentrations of ATP, which can also bind to the γ subunit (Hardie et al., 

2012). In addition to LKB1, camodulin-dependent protein kinase kinases (CAMKKs) can 

phosphorylate AMPKα at T172 in response to Ca
2+

 influx (Hawley et al., 2005). 

The α subunit of AMPK contains a highly conserved catalytic domain (α1: 1–314; α2: 1–

312, 90% sequence identity) (Stapleton et al., 1996) an autoinhibitory domain (AID) (α1 residues 

313-392) (Crute et al., 1998), a linker peptide region termed the “α hook” (α1 residues 340 to 

380), and a βγ-binding domain (α1 residues 392-550) (Carling et al., 2011; Oakhill et al., 2009; 

Xiao et al., 2013).  The α hook linker peptide binds to the γ subunit and is thought to be 

necessary for regulation of T172 dephosphorylation by AMPKγ subunit binding (Xiao et al., 

2011). 

The β subunit of AMPK mediates heterotrimer localization to subcellular locations, 

glycogen granules, and membranes (Oakhill et al., 2009).  The β subunit contains a carbohydrate 

binding module (CBM, β1 residues 68-163) and the αγ-binding domain (β1 residues 186-270) 

(Oakhill et al., 2009). The two isoforms of the β subunit differ mostly in the N-terminal region 

(31% sequence identity) and in a small variable sequence between the carbohydrate binding 

module and the αγ-binding domain (Oakhill et al., 2009).  Compound A-769662 (Goransson et 

al., 2007; Hawley et al., 2012), compound 991 (a cyclic benzimidazole derivative developed by 

Merck Sharp and Dohme Corporation and Metabasis) (Xiao et al., 2013) and salicylate (Hawley 

et al., 2012) all bind to the β1 carbohydrate binding module at the same site to directly activate 

AMPK.  Such activation is abolished or weakened by a S108A mutation in AMPKβ1 (Hawley et 

al., 2012; Scott et al., 2008; Xiao et al., 2013). 
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Erythropoietin (Epo) is a cytokine necessary for red blood cell progenitor survival (Lin et 

al., 1996; Richmond et al., 2005; Wu et al., 1995).  Epo is secreted from the kidney and its 

production is regulated by oxygen tension (Richmond et al., 2005).  Erythropoietin receptor 

(EpoR) is a member of the cytokine receptor superfamily and is found in many tissues, e.g., 

kidney, liver, uterus, muscle, and nervous system (Richmond et al., 2005).  EpoR is a preformed 

homodimer in absence of ligand and upon Epo binding it undergoes a conformational change 

that leads to Janus kinase 2 (Jak2) activation (Richmond et al., 2005).   

Previous studies have demonstrated a role for Epo in energy metabolism regulation at 

both cellular (Barkova, 1972a; Barkova, 1972b; Carraway et al., 2010) and whole body (Allegra 

et al., 1996; Borissova et al., 1993; Christensen et al., 2012) levels.  Epo has been shown to 

stimulate mitochondrial biogenesis and oxygen consumption in both rabbit bone marrow and 

mouse heart (Barkova, 1972a; Barkova, 1972b; Carraway et al., 2010).  Epo also markedly 

improved insulin sensitivity and glucose metabolism in patients receiving hemodialysis (Allegra 

et al., 1996; Borissova et al., 1993; Christensen et al., 2012). 

Given the well-documented positive effects of AMPK on mitochondrial biogenesis, 

insulin action, and glucose homeostasis (Hardie, 2004), it is possible AMPK helps to mediate 

Epo’s effects on these processes.  Indeed, AMPK has been implicated in Epo signaling.  

Specifically, AMPK is necessary for the full cytoprotective effect of Epo in myocardial 

infarction in mice (Li et al., 2011) and also required for Epo dependent activation of endothelial 

nitric oxide synthase (Su et al., 2012).  Additionally, Epo plays a role in oxidative slow-twitch 

muscle fiber development through activation of AMPK (Wang et al., 2013).  However, the 

mechanisms by which Epo activates AMPK remain unclear. 
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Here we present findings that AMPKα2 subunit binds to EpoR via its C-terminal βγ-

binding domain.  Additionally, AMPKα2 undergoes Epo-stimulated and Jak2-dependent tyrosine 

phosphorylation.  These data suggest a mechanism of Epo signaling through AMPK by direct 

binding. 

Materials and Methods 

Materials—HEK-293T cells were purchased from American
 
Type Culture Collection.  

Antibodies against the c-myc epitope tag (clone 9B11), AMPKα, and Jak2 were purchased from 

Cell Signaling.  Antibodies against the FLAG (clone M2) and HA (influenza hemaglutinin) 

epitope tags were purchased from Sigma-Aldrich and
 
Roche Applied Science respectively.  

Antibodies against AMPKβ and phosphotyrosine (clone 4G10) were purchased from Upstate 

Cell Signaling Solutions.  Fetal bovine serum was from either Atlanta Biological or Life 

Technologies.  Dulbecco's modified Eagle’s medium, glutamine, and penicillin/streptomycin for 

cell culture were purchased from Life Technologies.  Human recombinant Epo was purchased 

from Prospec or EMD Millipore. 

Cell Culture and Transfection—HEK-293T cells were maintained in growth media
 
(DMEM 

supplemented with 10%
 
fetal bovine serum, 2 mM L-glutamine, 100 μg/mL penicillin, and 100 

µg/mL streptomycin)
 
in a 37 °C incubator at 5% CO2.  Transfections were performed using 

calcium phosphate (Dr. Garry Nolan’s website at Stanford University, 

http://www.stanford.edu/group/nolan/protocols/pro_helper_dep.html) or either non-liposomal 

Fugene 6 (Roche) or liposomal Lipofectamine 2000 (Life Technologies) transfection reagent 
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according to manufacturers’ instructions.  Cells were replenished with growth media 16-24 hours 

and harvested
 
40-48 hours post-transfection. 

cDNA Constructs—Murine Jak2 and kinase-deficient K882E Jak2 (KD Jak2) in pRK5 vector, 

HA epitope-tagged murine EpoR (HA-EpoR) in bicistronic pMX-IRES-GFP vector, and GST-

Jak2 fusion constructs have been described previously (Huang et al., 2001).  Murine AMPK β2 

in pCMV-Tag2 vector, murine AMPK γ1 in pCMV-Tag4A vector, and full-length and truncated 

myc epitope-tagged rat AMPKα2 (Myc-AMPKα2) constructs corresponding to various domains 

of AMPKα2 in pcDNA3.1 vector have also been described previously (Wong and Lodish, 2006).  

HA-tagged thromobopoietin receptor (TpoR) cDNA in pMX-IRES-GFP is a gift of Dr. Wei 

Tong (Children’s Hospital of Philadelphia). 

Cell Lysis—Cells were washed once in cold PBS and lysed by rocking in 1 mL/10-cm dish RIPA 

buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% Nonidet P-40,
 
0.5% sodium deoxycholate, 

0.1% SDS) supplemented with Complete© protease inhibitor
 
tablet (Roche Applied Science) and 

Phosphatase Inhibitor Cocktail I and II (Sigma-Aldrich) at 4°C for 30 min.  Cell lysates were 

collected and centrifuged at 20,000 g for 10 minutes at 4°C.  The supernatant fractions were 

analyzed using immunoprecipitation and/or immunoblotting. 

Immunoprecipitation and glycosidase treatment—Five hundred micrograms of total
 
lysate 

protein were brought to a volume of 1 ml in lysis buffer
 
and incubated with antibodies against 

various epitope tags at 1:200-500 dilution at 4 °C
 
on a rotator overnight.  50 µl of a 1:1 slurry of 

protein
 
A/G-conjugated agarose beads (Pierce) was added to the immunoprecipitation

 
reactions 

and rotated for an additional 2 hours at 4 °C.  Immunoprecipitates
 
were pelleted at 3000 rpm and 
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washed four times with 1 ml

 
high salt RIPA buffer (RIPA buffer with 500 mM NaCl) each.  

Immunoprecipitated proteins were eluted in 20 µl lysis buffer plus 20 µl 4X NuPage sample 

loading buffer (Life Technologies) at 90°C for 15 minutes prior to immunoblot analyses.  To 

analyze the differential glycosylation states of intracellular and cell-surface HA-EpoR, 

transfected 293T cell lysates were immunoprecipitated using antibody against HA epitope tag as 

described above.  Immunoprecipitated proteins bound to protein A/G resin were eluted and 

treated with endoglycosidase H (Endo H, New England Biolabs) alone or with a combination of 

peptide -N-glycosidase F (PNGase F, New England Biolabs) and neuraminidase (New England 

Biolabs) as described previously (Huang et al., 2001). 

Western Blotting—Cell lysates and immunoprecipitates were fractionated by electrophoresis in 

4-12%
 
NuPage Bis-Tris gradient gels (Invitrogen) followed by semi-dry

 
transfer to 

nitrocellulose.  Membranes were blocked in 5% nonfat
 
dry milk in TBST (50 mM Tris-HCl pH 

7.5, 150 mM NaCl, 0.1% Tween 20)
 
overnight before incubation with primary antibodies for 4-

24 hours. Membranes were washed three times in TBST for 10 minutes each
 
followed by 

incubation with horseradish peroxidase-conjugated (Jackson Immunoresearch) or infrared dye-

conjugated (Li-Cor Biosciences) secondary antibodies.  The membranes were washed three times 

in TBST,
 
developed with chemiluminescent reagent 

 
(PerkinElmer Life Sciences), and exposed 

to x-ray
 
film.  Blots probed using infrared dye-labeled antibodies were scanned using an Odyssey 

scanner (Li-Cor). 
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Mass Spectrometry--- 293T cells transfected with Ha-EpoR, Jak2, and myc-tagged AMPKα2 

were treated with 1mM orthovanadate for 30 minutes. Cells were lysed, immunoprecipitated 

with anti-myc 9b11 antibody, eluted with 9E10 myc peptide, and then analyzed on SDS-PAGE 

by silver staining. Bands were excised and digested with trypsin. Tandem mass spectrometry 

coupled to liquid chromatography (LC-MS/MS): LC-MS/MS analysis of trypsin-digested protein 

(Shevchenko et al., 1996) was carried out using a LTQ Orbitrap Velos mass spectrometer 

(Thermo Fisher Scientific, San Jose, CA) equipped with an Advion nanomate ESI source 

(Advion, Ithaca, NY), following ZipTip (Millipore, Billerica, MA) C18 sample clean-up 

according to the manufacturer’s instructions. Peptides were eluted from a C18 precolumn (100-

μm id × 2 cm, Thermo Fisher Scientific) onto an analytical column (75 μm ID × 10 cm, C18, 

Thermo Fisher Scientific) using a 5-10% gradient of solvent B (acetonitrile, 0.1% formic acid) 

over 5 minutes, followed by a 10-35% gradient of solvent B over 35 minutes, 35-50% gradient of 

solvent B over 20 minutes, 50-95% gradient of solvent B over 5minutes, and finally by a 95% 

solvent B hold for another 5 minutes. All flow rates were at 400 nanoliters/minute. Solvent A 

consisted of water and 0.1% formic acid. Data dependent scanning was performed by the 

Xcalibur v 2.1.0 software (Andon et al., 2002) using a survey mass scan at 60,000 resolution in 

the Orbitrap analyzer scanning m/z 400-1600, followed by collision-induced dissociation (CID) 

tandem mass spectrometry (MS/MS) of the fourteen most intense ions in the linear ion trap 

analyzer. Precursor ions were selected by the monoisotopic precursor selection (MIPS) setting 

with selection or rejection of ions held to a +/- 10 ppm window. Dynamic exclusion was set to 

place any selected m/z on an exclusion list for 45 seconds after a single MS/MS. All MS/MS 

spectra were searched against the ipi.Rat.v.3.79 protein database downloaded January 18, 2011 

from EMBL-EBI (http://www.ebi.ac.uk/IPI/IPIhelp.html) using Thermo Proteome Discoverer 
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1.2 (Thermo Fisher Scientific). At the time of the search, the ipi.Rat.v.3.79 protein database 

contained 39,474 entries. Proteins were identified at 99% confidence with XCorr score cut-offs 

(Qian et al., 2005) as determined by a reversed database search. 

Results 

AMPKα2 binds erythropoietin receptor (EpoR) 

  Epo has been shown to influence metabolism by stimulating mitochondrial biogenesis, 

oxygen consumption, and insulin action (Allegra et al., 1996; Barkova, 1972a; Barkova, 1972b; 

Borissova et al., 1993; Carraway et al., 2010; Christensen et al., 2012), but the mechanisms are 

unclear.  AMPK is a master metabolic regulator critical in sensing and maintaining cellular ATP 

charge and previous studies have identified AMPK as having a role in Epo’s ability to confer 

cytoprotection against myocardial infarction (Li et al., 2011), activate endothelial nitric oxide 

synthase (Su et al., 2012), and promote oxidative slow-twitch myofiber development (Wang et 

al., 2013). As a result, we tested whether AMPK is part of the EpoR signaling complex.  The 

possibility that AMPK subunit can directly bind to cytokine receptors was explored using co-

immunoprecipitation.  As shown in Figure 1A, HA epitope-tagged EpoR co-immunoprecipitated 

with antibodies against myc epitope-tagged rat AMPKα2 (myc-AMPK).  In addition, pull-down 

of myc-AMPKα2 using anti-EpoR antibody for immunoprecipitation was also observed (Figure 

1B).  Interaction between EpoR and AMPKα2 is specific for the intracellular portion of EpoR as 

myc-AMPKα2 did not co-immunoprecipitate with truncated HA-EpoR containing only the 

extracellular and the transmembrane domains (residue 1-249, Figure 1A).  In addition, myc-

AMPKα2 does not interact with all members of the cytokine receptor family as indicated by lack 

of co-immunoprecipitation with the related thrombopoietin receptor (HA-TpoR, Figure 1A). 
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 Jak2 interacts with EpoR present on the plasma membrane surface as well as 

intracellularly in the endoplasmic reticulum and Golgi, promoting EpoR surface expression 

(Huang et al., 2001). We tested where AMPKα binds to EpoR using pull-down materials from 

myc-AMPKα2 co-immunoprecipitation experiments were treated with endoglycosidase H (Endo 

H) to remove only glycans with high mannose content or a combination of peptide -N-

glycosidase F (PNGase F) and neuraminidase to remove all N-linked glycans.  As shown in 

Figure 2, both Endo H-resistant and Endo H-sensitive HA-EpoR co-immunoprecipitated with 

AMPKα2.  These results are consistent with AMPKα2 interacting with EpoR present on the 

plasma membrane surface and also high mannose-containing EpoR characteristic in endoplasmic 

reticulum and Golgi. 

 The region in EpoR responsible for interaction with AMPKα2 was mapped using the full-

length and three truncated cDNA HA-EpoR constructs.  The region of EpoR that includes Box 1 

and the region between Box 1 and Box 2 is sufficient for interaction with AMPKα2 (Figure 3). 

Lack of AMPKβ2 or γ1 subunit binding to EpoR 

 While we observed co-immunoprecipitation of AMPKα2 using anti-EpoR antibody, 

presence of co-transfected HA epitope-tagged AMPK1 (Figure 4) and FLAG epitope-tagged 

AMPK2 (Figure 5) subunits were not detected.  To understand the absence of AMPK 2 or 1 

subunits in EpoR co-immunoprecipitates, we mapped the AMPKα2 domain responsible for 

interaction with EpoR.  AMPKα subunit has three domains: a kinase domain, an autoinhibitory 

domain, and a  regulatory subunits-binding domain.  A series of four myc-AMPKα2 truncation 

cDNA constructs containing various domains (Figure 6A) were co-transfected with HA-EpoR in 

HEK 293T cells and the cell lysates were then immunoprecipitated using an anti-myc epitope 
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antibody.  Figure 6B shows that only those truncation constructs containing the -binding 

domain were able to co-immunoprecipitate with EpoR to a significant extent.  Based on these 

data, we conclude that AMPKα2 binds to EpoR through its -binding domain.  This suggests 

that EpoR may compete with AMPK  and  subunits for interaction with AMPKα. 

AMPKα2 is Tyrosine Phosphorylated in a Jak2 dependent manner 

 Tyrosine phosphorylation by Jak2 is a hallmark of EpoR activation (Witthuhn et al., 

1993).  To test the possibility that AMPKα is tyrosine phosphorylation in response to Epo, we 

performed a time course in which 293T cells co-transfected with HA-EpoR, Jak2, and myc-

AMPKα2 were stimulated with 5 U/mL Epo for 15, 30, 60, and 120 minutes.  Tyrosine 

phosphorylation of immunoprecipitated myc-AMPKα2 was assessed by Western blot analysis 

using a monoclonal antibody (clone 4G10) specific for phospho-tyrosine (Figure 7A).  Acute 

tyrosine phosphorylation of both AMPKα and Jak2 were observed as early as 15 minutes.   

 Tyrosine phosphorylation of AMPKα2 likely results from interaction with Jak2 because 

Jak2 immunoreactivity was detected in myc-AMPKα2 pull-down samples (Figure 7A).  In 

addition, Jak2 co-immunoprecipitated with AMPKα2 displayed increased tyrosine 

phosphorylation following Epo stimulation (Figure 7A).  To test whether the observed tyrosine 

phosphorylation of AMPKα2 was Jak2 dependent, we immunoprecipitated AMPKα2 from 

lysates of 293T cells co-transfected with HA-EpoR, myc-AMPKα2, and either wild-type Jak2, 

the FERM domain of Jak2 (Jak2 FERM), or the kinase-deficient (KD) Jak2 (Figure 7B).  The 

lack of 4G10 immunoreactivity in immunoprecipitated AMPKα2 from cells transfected with 

Jak2 FERM or KD Jak2 suggest tyrosine phosphorylation of AMPKα2 was dependent on Jak2 

activity. 
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AMPK binds the pseudokinase domain of Jak2 

Data in Figure 7 indicate that AMPKα2 co-immunoprecipitates with Jak2.  To further 

characterize the interaction between AMPKα2 and Jak2, we examined which of the three 

domains of Jak2 is necessary for binding to AMPKα2.  Three glutathione S-transferase (GST)-

tagged truncation cDNA constructs containing discrete Jak2 domains or GST itself were co-

transfected with myc-tagged AMPKα2 (Figure 8).  Lysates were immunoprecipitated with an 

anti-myc epitope antibody bound to protein A/G sepharose beads.  The immunoprecipitated 

samples were then analyzed by Western blotting using an anti-GST antibody.  GST tag itself has 

a predicted MW of 27kD while the GST-tagged fusion proteins corresponding to the N-terminal 

FERM domain, the C-terminal kinase (K2) domain, and a region spanning both the pseudokinase 

and the kinase (K1K2) domains of Jak2 are predicted to be 90kD, 50kD, and 90kD respectively.  

Because transfection of Jak2 constructs containing an active kinase domain were toxic to 293T 

cells (data not shown), the catalytically deficient (K882D) Jak2 kinase domain was used.  

AMPKα2 co-immunoprecipitated with GST-Jak2 containing K1K2 domains, but not the K882D 

K2 kinase domain nor the FERM domain, of GST-Jak2.  The binding of GST-Jak2 K1K2 

domains to AMPKα2 is most likely due to interaction with the K1 domain because AMPKα2 did 

not co-immunoprecipitate with K2 domain alone. 

Jak2 phosphorylates AMPKα2 in the Kinase (Catalytic) and Autoinhibitory domains 

 To assess where Jak2 phosphorylates AMPKα2, we co-transfected HA-tagged EpoR, 

Jak2 or Kinase Dead Jak2, and myc-tagged truncation constructs of AMPKα2 that consist of 

various domains (Catalytic, Catalytic plus Autoinhibitory, Autoinhibitory plus βγ binding, βγ 

binding domain, or Full-length AMPKα2).  Immunoprecipitation of AMPKα2 domains followed 
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by Western blotting using 4G10 antibody to detect tyrosine phosphorylation showed that two 

domains of AMPKα2 contain Jak2-dependent tyrosine phosphorylation sites with the major 

tyrosine phosphorylation signals coming from a constructs containing the autoinhibitory domain, 

with lesser signal on the catalytic domain alone (Figure 9). 

AMPKα2 binds to Jak2 regardless of activation state 

 AMPKα is activated by phosphorylation at T172 residue by LKB1 and calmodulin-

dependent kinase kinase (Hardie, 2004; Hawley et al., 2003).  To assess potential interaction 

between tyrosine and threonine phosphorylation events on AMPKα and examine whether Jak2 

binding to AMPKα depended on AMPKα activation state, HA-tagged EpoR and Jak2 were co-

transfected with either wild-type, constitutively active (T172D), or dominant negative (T172A) 

forms of AMPKα2.  Immunoprecipitation of wild-type and mutant AMPKα2 followed by 

Western blotting with 4G10 antibody to detect tyrosine phosphorylation showed that AMPKα2 

interacted with Jak2 regardless of activation state.  Unexpectedly, reduced tyrosine 

phosphorylation of both T172D and Jak2 was observed when co-immunoprecipitated together. 

Identification of Tyrosine Phosphorylation Sites on AMPKα 

 To obtain a better understanding the tyrosine phosphorylation sites on AMPKα2, we 

performed a screen of potential phosphopeptides using tandem mass spectrometry as shown in 

Figure 11A and 11B. We identified a tyrosine phosphorylation site on AMPKα2 at position 16 

(Y16), which was also found via in-vitro kinase assay with bacterially purified AMPKα1 kinase 

domain (lacks autoinhibitory and βγ binding domain) with recombinant insect cell derived Jak2 

kinase domain. Additionally, sites at positions 173 and 176, both serines, were identified as 

phosphorylation sites. 
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Discussion 

 The present study describes previously uncharacterized interactions between the catalytic 

α subunit of AMPK and EpoR-Jak2 signaling complex.  Using transfected 293T cells as model 

system, we showed that AMPKα2 interacts with both intracellular and cell surface forms of 

EpoR (Figure 2).  The functional significance of the finding is unclear at the present.  The data 

strongly indicate AMPKα2 binding to EpoR in absence of the β and γ subunits (Figures 4 to 6), 

suggesting the possibility of AMPK regulation independent of cellular energetic status.  A 

consequence of AMPKα2 binding to EpoR and Jak2 is tyrosine phosphorylation of AMPKα2 

(Figure 7).  Given the importance of tyrosine phosphorylation in the regulation of nearly all 

cellular processes and of AMPK in metabolic regulation, it is possible Epo-stimulated tyrosine 

phosphorylation of AMPKα2 is a potential link between cellular energetic regulation and 

growth/proliferation signaling. 

 Several possible mechanisms could account for a cytokine dependent regulation of 

AMPK.  Among those shown are indirect mechanisms by which cytokine stimulation causes 

changes in cellular metabolism or calcium levels, which in turn causes changes in AMPK 

phosphorylation (Hardie, 2007; Iwabu et al., 2010).  The potential for AMPK direct binding to 

cytokine receptors provides an attractive alternative mechanism. 

 Traditionally, EpoR and Jak2 have been viewed within the canonical Jak/STAT signaling 

system. Here, we report that EpoR and Jak2 specifically associate with the metabolic regulatory 

kinase, AMPKα. A result of this interaction is that Jak2 phosphorylates AMPK on tyrosine 

residues in response to Epo stimulation. Additionally, our data suggest that the pseudokinase 

domain of Jak2, termed JH2 or K1, mediates this interaction between Jak2 and AMPKα. This 
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knowledge may provide evidence to better understand the function of the pseudokinase domain. 

Prior studies suggest that the pseudokinase domain serves as a negative regulator of overall Jak2 

activity (O et al., 2013; Saharinen et al., 2000; Silvennoinen et al., 2013; Ungureanu et al., 2011). 

 The Jak2 pseudokinase domain resembles a tyrosine kinase domain but lacks the 

conserved catalytic residues.  The pseudokinase domain is thought to exert an inhibitory effect 

on Jak2 kinase activity (Saharinen et al. 2000), and has dual specificity activity, though only at 

around 10% of the K2 kinase domain activity (O et al., 2013; Silvennoinen et al., 2013; 

Ungureanu et al., 2011).  While the functional significance of this interaction is unclear at this 

time, this interaction further supports the idea that AMPK is a component of Epo signaling. 

 A gain of function mutation, V617F, within the pseudokinase domain is responsible for 

approximately 90% of the polycythemia vera and 35% of the essential thrombocythemia cases 

found in patients. While long thought to be catalytically inactive, recent studies reveal that the 

pseudokinase domain is in fact catalytically active with dual specificity (Ungureanu et al., 2011).  

The pseudokinase domain only has one other identified binding partner, tubulin. Tubulin 

binds to the pseudokinase domain, and is tyrosine phosphorylated (Ma and Sayeski, 2007). 

However, this study did not report the effects of tyrosine phosphorylation of tubulin other than 

colocalization data with STAT1 (Signal transducer and activator of Transcription 1). However, 

no further characterization of the tyrosine phosphorylation of tubulin by Jak2 has been reported 

to date. 

 The effect of the tyrosine phosphorylation on Y16 on the kinase domain of AMPKα  is 

unclear at this time. According to the recent crystal structures, Y16 is not near the active site 

(Xiao et al., 2013; Xiao et al., 2011), nor is Y16 near any well characterized regulatory 
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phosphorylation sites (Steinberg and Kemp, 2009; Woods et al., 2003b), intermolecular 

interactions with other proteins(Scholz et al., 2009; Taipale et al., 2012; Zhang et al., 2012). A 

possibility is that this phosphorylation site may serve as a binding site for SH2 domain 

containing proteins. 

 The tyrosine phosphorylation within the autoinhibitory domain may provide a mechanism 

for relief of autoinhibition. The intramolecular interaction between the kinase domain and the 

autoinhibitory domain is thought be mediated by hydrophobic interactions across a surface area 

of approximately 1500 Å
2 
(Chen et al., 2009). This interaction is thought to keep the kinase 

domain in the open conformation, leading to increased accessibility of the activation loop for 

phosphatases. The disruption of these hydrophobic interactions between the autoinhibitory and 

kinase domains via mutagenesis activates Snf1/AMPKα and increased activation loop 

phosphorylation at canonical threonine (Chen et al., 2009; Momcilovic and Carlson, 2011; Pang 

et al., 2007). Future studies would involve examining the effects of Jak2 tyrosine 

phosphorylation on full length AMPKα subunit with respect to LKB1 phosphorylation, and 

phosphatase protection. 

 In summary, AMPKα serves important roles in regulating cellular metabolism and 

growth. It remains unclear how AMPKα activity is coordinated with several cytokine growth 

signaling systems. Our data suggest that AMPKα, Jak2, and EpoR form a signaling complex, 

whereby AMPKα is tyrosine phosphorylated. The interaction provides an intersection between 

two distinct signaling pathways and a potential route for regulation and coordination. 
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Figure Legends 

 

Figure 1.  (A) AMPKα2 interacts specifically with full-length erythropoietin receptor (EpoR), 

but not with truncated EpoR lacking the entire cytoplasmic domain (1-249) or the related 

thrombopoietin receptor (TpoR).  HEK 293T cells were co-transfected with rat myc epitope-

tagged AMPKα2 and mouse HA epitope-tagged full-length EpoR, truncated EpoR, or TpoR.  

Two days after transfection the cells were lysed in RIPA buffer supplemented with SDS plus 

protease inhibitors and the lysates were immunoprecipiated with anti-myc antibody as indicated 

in the Methods section.  Following extensive washing in lysis buffer under high salt (500mM 

NaCl) conditions, the immunoprecipitates were analyzed by SDS-PAGE and an anti-HA 

antibody directly conjugated to HRP.  (B) Interaction between AMPKα2 and EpoR is not 

mediated by HA or myc epitopes.  293T cells were co-transfected with untagged full-length 

EpoR and either myc-tagged AMPKα2 or green fluorescent protein (GFP).  Following lysis, 

immunoprecipitation was performed using an anti-EpoR antibody as described in the Methods 

section.  Results of immunoblot analysis using antibody against myc epitope showed that myc-

tagged GFP did not co-immunoprecipitate with EpoR. 

 

Figure 2.  AMPKα2 interacts with both endoglycosidase H (endoH) – sensitive and – resistant 

forms of EpoR.  Following co-transfection into 293T cells and co-immunoprecipitation as 

described in Methods, the immunoprecipitates were dissociated from protein A/G agarose beads 

by boiling for 10 minutes in 0.5% SDS and 40mM DTT and treated with endoH or a 

combination of N-glycanase and neuraminidase overnight at 37ºC.  The samples were then 
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fractionated in SDS-PAGE, transferred to nitrocellulose filters, and subsequently analyzed using 

an anti-HA epitope antibody. 

Figure 3.  The cytoplasmic region of mouse EpoR between amino acids at position 249 and 375 

is sufficient to confer full interaction specifically with AMPKα2.  HEK 293T cells were co-

transfected with myc epitope-tagged AMPKα2 and HA epitope-tagged full-length wild type 

(WT) EpoR or three different C-terminal truncated constructs whose schematics are shown in 

(A).  (B) Cell lysates were co-immunoprecipitated with anti-myc antibody and the 

immunoprecipitates were blotted and probed using anti-HA antibody.  The region between 249 

and 304, which includes the cytokine receptor family consensus Box 1 and capable of interaction 

with Jak2, confers limited interaction with AMPKα2.  The numbering of amino acid positions 

refers to the mature mouse EpoR without the signal sequence. 

 

Figure 4.  EpoR preferentially binds the α subunit over the γ subunit of heterotrimeric AMPK.  

(A) In contrast to AMPKα2, no detectable levels of EpoR were found to associate with 

AMPKγ1.  HEK 293T cells were co-transfected with flag-epitoped tagged EpoR, myc-tagged 

AMPKα2, HA-tagged AMPKγ1, and/or AMPKβ2 as described at the bottom of the figures.  

Following immunoprecipitation with AMPKγ1 using anti-HA antibody, no flag-tagged EpoR 

was detected by immunoblot analysis in the presence (lane 1 from left) or absence (lane 3 from 

left) of flag-tagged AMPKβ2.  However, as shown in (B), myc-tagged AMPKα2 was readily 

detectable under the same conditions, especially when AMPKβ2 was included.  As a control, 

flag-tagged EpoR was co-immunoprecipitated from the same lysates using anti-myc antibody 

(lanes 2 and 4 from the left in panel A). 
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Figure 5.  EpoR binds preferentially to the α subunit over the β subunit of heterotrimeric AMPK.  

293T cells were transfected with either HA-tagged full-length or truncated mouse EpoR lacking 

the cytoplasmic domain (1-249) and either myc-tagged AMPKα2 or GFP as described above the 

top panel.  Following immunoprecipitation with antibody against the N-terminal portion of 

EpoR, immunoblot analysis using anti-pan AMPKα antibody found AMPKα to co-

immunoprecipitate with full-length EpoR (top panel).  However, immunoblot analysis of the 

same immunoprecipitates using anti-AMPKβ antibody did not detect the presence of AMPKβ 

(middle panel).  In contrast, AMPKβ was readily co-immunoprecipitated using anti-myc epitope 

antibody to target AMPKα2 (bottom panel). 

 

Figure 6.  (A) AMPKα2 interacts specifically with EpoR via its C-terminal βγ-interacting 

domain.  HEK 293T cells were transfected with HA epitope-tagged EpoR and various truncation 

constructs of myc epitope-tagged AMPKα2 (constructs labeled 1 to 4) or full-length AMPKα2 

(construct #5) whose schematics are shown in (B).  The experimental details of co-

immunoprecipitation and Western blot procedures are described in Methods section.  Only those 

AMPKα2 constructs that contained the βγ-binding domain co-immunoprecipitated with HA 

epitope-tagged EpoR. 

 

Figure 7. (A) AMPKα2 is rapidly phosphorylated on tyrosine residues following Epo treatment.  

HEK 293T cells were transfected with myc epitope-tagged AMPKα2, EpoR and Jak2.  48 hours 

prior to treatment with 5 U/ml Epo for 15, 30, 60, and 120 min.  At the end of the indicated time 

points, cell lysates were prepared and immunoprecipitated using a monoclonal anti-myc epitope 

antibody as described in Methods.  The immunoprecipitates were washed, separated from protein 
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A/G agarose beads, and treated to immunoblot procedures to detect tyrosine phosphorylation 

using anti-phosphotyrosine antibody 4G10 as well as Jak2 and AMPKα2 using antibodies 

described in the Methods section.  Jak2 was found to co-immunoprecipitate with myc epitope-

tagged AMPKα2 in transfected 293T cells.  Increased tyrosine phosphorylation of Jak2 and 

AMPKα2 was observed starting at 15 minutes following Epo stimulation.  B) Functional Jak2 is 

required for Epo-stimulated tyrosine phosphorylation of AMPKα2.  293T cells were co-

transfected with the HA epitope-tagged EpoR, myc epitope-tagged AMPKa2 and either Jak2, a 

truncated Jak2 containing only the N-terminal FERM domain, or a catalytically deficient Jak2 

with K882E substitution.  Cells were treated for 8 minutes with 10U/ml Epo, washed, and lysed 

for subsequent immunoprecipitation using an anti-AMPKα2 antibody directly conjugated to 

protein A sepharose as described in Methods.  Tyrosine phosphorylation was detected using 

4G10 anti-phosphotyrosine antibody directly conjugated to HRP in Western blot analysis.  No 

tyrosine phosphorylation of AMPKα2 was observed in cells co-transfected with FERM domain 

of Jak2 (Jak2 FERM) or catalytically deficient Jak2 (Jak2 KD).  Levels of phosphorylation on 

T172 residue of AMPKα2 in immunoprecipitates were also determined by immunoblot analyses.  

Epo had no effect on the levels of phospho-T172 AMPKα2. 

 

Figure 8.  AMPKα2 interacts with the K1 pseudokinase domain of Jak2.  HEK 293T cells were 

co-transfected with HA-EpoR, myc-AMPKα2, and truncated and catalytically inactive Jak2 

constructs containing different domains of Jak2 fused to glutathione S-transferase (GST) or GST 

itself.  Cell lysates containing GST-tagged proteins were pulled down with 20 uL of glutathione-

conjugated agarose beads, washed, and eluted with 100-fold molar excess of free reduced 

glutathione.  Eluates were analyzed by immunoblotting using antibodies against GST and myc 
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epitope.  Because AMPKα2 was pulled down by a truncated Jak2 construct containing both the 

K1 pseudokinase and the K2 kinase domains, and not by truncated constructs containing just the 

N-terminal FERM domain or the K2 kinase domain, the AMPKα interaction region was mapped 

to the pseudokinase domain.  Because co-transfection with catalytically active Jak2 led to 

increased levels of AMPKα (data not shown) likely due to promoter effect of pCDNA 3.1 vector, 

all of the truncation constructs containing the K2 domain had the catalytically deficient K882D 

substitution (GST-K2KD and GST-K1K2KD). 

 

Figure 9. The major Jak2 tyrosine phosphorylation site exists on the Kinase (Catalytic), and 

auto-inhibitory of AMPKα2.  HEK 293T cells were co-transfected with HA epitope-tagged 

EpoR and various truncation constructs of myc epitope-tagged AMPKα2 (Catalytic, Catalytic + 

Inhibitory, Inhibitory + βγ-interacting domain, βγ-interacting domain, or Full Length) and either 

Jak2 or a catalytically deficient Jak2 with K882E substitution.  Cells were treated for 10 minutes 

with 0 or 5 U/ml Epo, washed, and lysed for subsequent immunoprecipitation using an anti-myc 

(9B11) tag antibody to pull down AMPK α2 isoforms.  The immunoprecipitates were blotted and 

probed using anti-phosphotyrosine (4G10) antibody and 9B11 antibody. 

  

Figure 10. AMPKα2 with the activating T172D mutation exhibited decreased tyrosine 

phosphorylation compared with wild-type AMPKα2 or AMPKα2 with the dominant negative 

T172A mutation.  HEK 293T cells were co-transfected with HA-tagged EpoR, Jak2, and either 

T172A, wild-type (WT), or T172D AMPKα2.  Cells were incubated with 0 or 5 U/mL Epo for 

10 min, washed, and lysed for immunoprecipitation using an anti-myc epitope antibody (9B11).  
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The immunoprecipitates were blotted and probed using anti-phosphotyrosine (4G10), Jak2, and 

anti-myc (9B11) antibodies. 

 

Figure 11: Tandem mass spectrum of phosphorylated peptide found matching to AMP-activated 

protein kinase catalytic subunit α-2 (IPI00123445, 21% sequence coverage, 9 unique peptides 

found in total)  
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CHAPTER 4 – GENERAL CONCLUSIONS AND FUTURE DIRECTIONS 

1.  Summary of Results 

Cell growth and proliferation are necessary yet energetically costly cellular processes. 

Accumulating evidence suggests while glycolysis is preferred during slow and limited 

proliferation as stem cells undergo self-renewal, mitochondrial oxidative phosphorylation is 

needed for rapid expansion of cell population (Basu et al., 2013; Yu et al., 2013). However, 

currently the mechanisms involved in this transition to mitochondrial biogenesis as cells prepare 

to undergo rapid growth and proliferation are poorly understood. Using erythropoiesis as a model 

for rapid cell proliferation and a cell line whose growth is dependent on erythropoietin (Epo) 

signaling, this dissertation described the potential intersection of Epo signaling with the 

metabolic signaling controlled by AMP-activated protein kinase (AMPK).  

Chapter 2 describes Epo stimulation of mitochondrial protein content as well as AMPK 

catalytic α subunit (AMPKα) protein concentration through increased AMPKα1 transcription in 

a cytokine dependent cell line used as a model for Epo signaling, Ba/F3-EpoR. Increase in 

cytochrome oxidase complex subunit IV (CoxIV) in Ba/F3-EpoR cells treated with Epo was 

sensitive to chemical inhibitors of tyrosine kinase Janus kinase 2 (Jak2) and AMPKα, suggesting 

that Epo-stimulated mitochondrial biogenesis is downstream of both Jak2 and AMPKα. 

Chemical inhibition also blocked Epo-stimulated increase of AMPKα protein. These 

observations are in accordance with reports in other cells and tissue types where Epo stimulated 

mitochondrial biogenesis and AMPKα activity (Carraway et al., 2010; Li et al., 2011; Su et al., 

2012). Together these data suggest a potential hierarchical signaling pathway starting from 

Epo/EpoR to Jak2 to AMPKα to transcription of mitochondrial proteins. 
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Chapter 3 described a potential mechanism for an EpoR-Jak2-AMPKα signaling axis 

involving direct binding of EpoR with α2 isoform of AMPK (AMPKα2). AMPKα2 was found to 

bind EpoR exclusively through its βγ binding domain.  AMPK β and γ subunits were not 

observed to bind EpoR, suggesting potential AMP- and energy-independent regulation of AMPK 

signaling. AMPKα specifically binds on Jak2’s pseudokinase domain, which has recently been 

shown to have dual specific kinase activity (Ungureanu et al., 2011). The pseudokinase domain 

of Jak2 has a negative role in Jak2’s ability to propagate cytokine signaling through a 

combination of deactivating phosphorylation of Jak2 in cis and in trans and influencing the 

conformation of the entire Jak2 protein. Currently, there are no known substrates of the 

pseudokinase domain other than Jak2, and only two proteins have been shown to bind the 

pseudokinase domain, tubulin (Ma and Sayeski, 2007) and AMPKα (studies within this 

dissertation).  

Additionally Chapter 3 also described that AMPKα2 binds to Jak2 and is tyrosine 

phosphorylated in an Epo- and Jak2-dependent manner. Further mapping of the tyrosine 

phosphorylation of AMPKα2 showed tyrosine phosphorylation on the catalytic domain (Y16 on 

α2) and within the autoinhibitory domain. The phosphorylation of Y16 residue in the catalytic 

domain was characterized by mass-spectrometry and is not located near any characterized 

portions of AMPKα involved in regulating protein kinase activity or known protein interactions 

(Momcilovic and Carlson, 2011; Scholz et al., 2009; Xiao et al., 2013; Zhang et al., 2012). A 

speculation is that the Y16 phosphorylation site may anchor a binding site for phosphotyrosine 

binding SH2 (src homology 2) proteins. The tyrosine phosphorylation on the autoinhibitory 

domain may disrupt the hydrophobic contacts between the autoinhibitory domain and the kinase 
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domain of AMPKα (Chen et al., 2009). This could potentially relieve autoinhibition, permitting 

the kinase domain to enter the closed conformation, which protects activation loop from 

phosphatases. 

The LC-MS/MS screen described in Chapter 3 also identified two additional serine 

phosphorylation sites on AMPKα2 in orthovanadate-treated HEK 293T cells, S173 and S176. 

Protein kinase A (PKA) has been shown to phosphorylate S173 on AMPKα1 leading to AMPK 

inactivation and increased lipolysis efficiency (Djouder et al., 2010). There are no reports 

indicating PKA could be activated by Epo dependent signaling, so it is unclear how treatment 

with orthovanadate, a protein tyrosine phosphatase inhibitor, led to S173 phosphorylation. 

Phosphorylation of S176 on AMPKα2 creates a binding site for prolyl isomerase 1 (Pin1) 

(Khanal et al., 2013). Binding of Pin1 to AMPKα2 recruits protein phosphatase 2A (PP2A), 

which leads to inactivation of AMPKα2 and loss of AMPK-mediated growth suppression 

(Khanal et al., 2013). It is possible these phosphorylation sites are Jak2-independent. 

Alternatively, S173 and S176 could be phosphorylation sites for the pseudokinase domain of 

Jak2, which has been shown to be a dual-specific kinase for serine and tyrosine phosphorylation 

(Ungureanu et al., 2011). 

Immunoprecipitation experiments described in Chapter 3 showed that Jak2 could interact 

with WT AMPKα, the constitutively active AMPKα2 mutant with a threonine to aspartate 

mutation at position 172 (T172D), and the dominant negative threonine 172 to alanine mutation 

(T172A). These results suggest interaction between Jak2 and AMPKα2 is independent of AMPK 

activity state. T172D AMPKα2 immunoprecipitated from Epo-treated HEK 293T cells 

expressing EpoR, Jak2, and AMPKα2 had less tyrosine phosphorylation than WT or T172A 
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AMPKα2. Additionally while T172D AMPKα2 still pulled down Jak2, the ratio of tyrosine 

phosphorylated Jak2 to total Jak2 was decreased compared to WT and T172A AMPKα2. There 

are three potential explanations that could account for these results. 1) The constitutively active 

T172D AMPKα2 is a poor substrate for Jak2 compared with the WT or the inactive T172A 

AMPKα2, or does not bind active Jak2 equally well. 2) The binding with T172D AMPKα2 

inhibits tyrosine phosphorylation of Jak2. 3) T172D AMPKα2 could phosphorylate and 

inactivate Jak2. The interaction of two kinases from distinct signaling pathways raises the notion 

of reciprocal regulation. Examples of such regulation include AMPK and Unc51 like kinase 1 

(Ulk1), a kinase involved in autophagy (Loffler et al., 2011). Both kinases are capable of 

phosphorylating each other, with AMPK activating Ulk1, and Ulk1 inactivating the AMPK 

heterotrimeric enzyme (Loffler et al., 2011). Another example is activation of Rho kinase 1 

(Rock1) by Jak2 signaling, but Rock1 also phosphorylates and activates Jak2 (Huang et al., 

2012). 

In summary, the direct binding of mitochondrial biogenesis regulator AMPKα to EpoR 

and Jak2 provides a potential mechanism by which Epo could stimulate mitochondrial 

biogenesis. The binding of AMPKα to EpoR and Jak2 results in tyrosine phosphorylation of 

AMPKα, suggesting hierarchical regulation of AMPKα activity in an AMP-independent manner 

as well as the exclusion of the β and γ subunits from the binding complex. The effects of tyrosine 

phosphorylation of AMPKα remain to be characterized. The reduced tyrosine phosphorylation of 

T172D AMPKα2 suggests regulation of AMPKα by Epo and Jak2 may depend on cellular 

energetic status. 
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2. Future Directions 

The experiments listed below aim to elucidate AMPK’s biological role in erythropoiesis 

and Epo signaling and are organized in the following aims: 

1) What is the role of AMPK in Epo dependent erythropoiesis? 

2) What are the effects of Jak2 tyrosine phosphorylation on AMPKα? 

What is the role of AMPK in Epo dependent erythropoiesis? 

To examine AMPKα’s role in Epo dependent erythropoiesis, conditional or inducible 

knockouts of AMPKα1 and α2 could be used in a tissue specific manner as mice with both 

AMPK α isoforms knocked out are embryonic lethal at day 10.5 (Viollet et al., 2009). BFU-E 

(Burst-Forming Unit- Erythroid) and CFU-E (Colony-forming Unit –Erythroid) cells could be 

isolated from fetal livers and from adult bone marrow and spleen by flow cytometry using 

antibodies for cell surface markers to enrich for and isolate these cell types. Once isolated, these 

cells could be analyzed for capacity to form colonies in agar following Epo stimulation. If 

decreased number of colonies are observed, a further experiment will involve repopulation 

studies where erythroid precursor cells are transplanted into irradiated mice with depleted bone 

marrow to assess the success of anemic rescue. Deficiencies in capacity to form colonies and 

repopulate depleted animals will indicate that AMPKα is required for the Epo-dependent 

precursor cells to proliferate and differentiate. Enhancements in proliferative capacity may 

suggest AMPK has a negative regulatory role in erythropoiesis. 

What are the effects of Jak2 tyrosine phosphorylation on AMPKα? 

Effects on AMPK regulation: The autoinhibitory domain of AMPKα interacts with the 

kinase domain through hydrophobic contacts to inhibit its activity (Chen et al., 2009). 
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Introduction of polar amino acid residues disrupted interaction between the autoinhibitory and 

the kinase domains and relieved autoinhibition (Chen et al., 2009). Disruption of the interaction 

between autoinhibitory and kinase domains also made AMPK unresponsive to AMP levels 

(Chen et al., 2009). The introduction of charged phosphates to the autoinhibition domain upon 

phosphorylation of tyrosine residues may disrupt the interaction with the kinase domain, leading 

to an open kinase domain conformation that is more susceptible to dephosphorylation of the 

T172 residue by protein phosphatases. To test this, kinetics of phosphorylation and 

dephosphorylation of AMPKα by, respectively, LKB1 and PP2A will be measured to assess 

changes in AMPKα activation and inactivation. These experiments will be performed in vitro 

with combinations of purified recombinant Jak2 Kinase domain, full length AMPKα, LKB1, and 

PP2A. 

Attachment sites for SH2 phosphotyrosine binding partners: Examination of 

available X-ray crystal structures of AMPK shows the Y16 phosphorylation site is not located 

near any region of AMPKα important for binding to β and γ regulatory subunits. Pull down 

assays using AMPKα2 with tyrosine to glutamate substitution at Y16 may identify potential 

binding partners. Identity of the putative binding partners may shed light on the function of Y16 

phosphorylation. An alternative is to synthesize a pair of otherwise identical biotinylated 

peptides corresponding to the region in AMPKα2 that flanks Y16 residue except for 

phosphorylation at Y16.  In vitro pull down assays will be performed with phospho- and non-

phospho-peptides as bait to purify potential binding parters with avidin beads. The samples 

would then be analyzed on a silver-stained gel. Spots that are enriched in phospho-peptide pull 

down sample will be analyzed by mass spectrometry. β 

Determine if the pseudokinase domain of Jak2 can phosphorylate AMPK 
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Complementary to identifying potential binding partners of phosphorylated AMPKα is to 

identify the kinases that could potentially phosphorylate AMPKα. To assess if AMPKα could be 

phosphorylated by the pseudokinase domain of Jak2, recombinant AMPKα from bacteria, which 

is unphosphorylated and inactive, will be incubated with recombinant pseudokinase domain of 

Jak2 and analyzed for differences in phosphoserine signal from immunoblotting. (Neumann et 

al., 2003) 

Determine if AMPK can phosphorylate Jak2 

As described in Chapter 3, decreased amounts of tyrosine phosphorylated and active Jak2 

co-immunoprecipitated with the active mutant of AMPKα2. As discussed in Section 1 of this 

chapter, one potential explanation is serine/threonine phosphorylation of Jak2 leading to its 

inactivation. This could have significant biological impact.  Just as growth factors like Epo could 

potentially stimulate mitochondrial biogenesis (Chapter 2) to support cell proliferation, it is 

equally likely that a deficit in cellular energetics could stop cell proliferation by inhibiting 

growth factor signaling. AMPK has been shown to abrogate cell growth and proliferation during 

energy stress through phosphorylation of p53 and tuberous sclerosis complex (TSC), which 

inhibits mTOR activation (Hardie, 2004). It is possible phosphorylation and inhibition of Jak2 by 

AMPK represents another pathway to inhibit cell growth and proliferation during metabolic 

stress. 

To assess phosphorylation of Jak2 by AMPK, inactive or activated AMPK will be 

incubated with either the K2 kinase or the K1K2 pseudokinase-kinase domains in vitro. The 

reaction mixtures will then be analyzed for presence of phosphoserine or phosphothreonine by 

immunoblotting using antibodies specific for phosphorylated serine or threonine. If increased 
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phosphoserine or phosphothreonine is found, phosphotyrosine levels of Jak2 will be examined 

next along with potential changes in Jak2 kinase activity. 
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